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Electron-impact excitation and collisional transfer into the nF levels of helium
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Through the use of Fourier-transform spectroscopy, the electron-impact optical cross sections for the infra-
red emissions from theH, 5F, and & levels of the helium atom have been measured for gas pressures
between 3 and 50 mTorr and incident electron energies from threshold to 200 eV. The very strong pressure
dependence of these measured emission cross sections at different energies is in excellent quantitative agree-
ment with the mechanism of excitation transfer from té® levels through collisions with ground-state
helium atoms. From our data, we determine the electron-impact cross sections for excitation irfto Hig 4
and & levels. The effects of the singlet-triplet mixing in ting states on the excitation cross sections are
discussed. The excitation data of th& %evel are compared with those of'5 and 5'D. We have also
obtained then 'P—nF collisional excitation transfer cross sections for 4—7.[S1050-29408)03712-3

PACS numbes): 34.80.Dp, 34.80.My

[. INTRODUCTION we report measurements of the optical emissions fronfthe
levels excited by electron impact and obtain the associated
Electron-impact excitation of the helium atom has been &Xxcitation cross sections. Since the earlier works on the ex-
subject of interest for several decades. Measurements of tiféation of F levels, as well as this one, are closely connected
excitation cross sections for the singlet and trieP, and  With the collisional transfer process from théP levels, a
D levels over a wide range of incident electron energies andeview of this process is given in the next section to facilitate
final-state quantum numbers have been made using the opgliscussion of our results in relation to excitation transfer.
cal method. These cross sections are used extensively for
modeling gaseous discharges and plasmas. However, little
work has been reported on the excitation into Ehdevels [Il. SINGLET-TRIPLET MIXING IN THE  nF LEVELS
because radiation from the first faw levels (=4-6) is in AND TRANSFER BETWEEN n ‘P AND nF
the infrared, outside the range of photomultiplier tubes
(PMT9 traditionally used in optical measurements for exci-
tation cross sections. The only direct measurement of th
fluorescence fronk levels populated by electron-beam exci-
gtlojnoﬁavﬂﬁq Zvéebgr%;\gi{g[ﬁ t.?ﬁ;?%i%@ﬁgeﬂfts‘]c\’,s;:n ion from a singlet into a triplet level13]. .The secqndary .
pe.rformed 2t proseures of 8 m'I.'orr and above and their da%eak becomes stronger relative to the primary at increasing
display significant pressure effects, making it difficult to ex- ressures. Furthermore,_thg shape .Of the secondary peak is
tract the excitation cross sections f,or théevels in the low- S|m_|lar to that of the e'xcnatlon functlo'ns of tire'P levels. .
At first these observations were explained by the mechanism

E;%SSrL]Irt% I'rlz't' ahle‘\rfr':)hr?;?\?sr’olfa@nI?r:/eelsom lg?gl;rgf irtiersuggested by Lees and Skinner for the formation of the sec-
w play imp ! populall ondary peak 14

excited levels in different kinds of experimen&-4]. Even
at pressures as low as 3 mTorr, thdevels are populated
both by direct electron-impact excitation and by transfer
from He(n'P) through collisions with He(1S). This
mechanism causes the cross section for populating fee- ~ However, this reaction violates Wigner's rule, which re-
els to increase greatly with increasing pressure. Because @tires that total spin be conserved for collisions among at-
the singlet-triplet mixing in thé& levels[5], theF—D decay = oms conforming to thé-S coupling. To bridge the transfer
channel may become the dominant process for populatinffom n*P to the triplet levels, Lin and Fowler observed that
the 3D and D levels in electron-impact excitation experi- for the He(ksnl) configurations the exchange integral is
ments[6]. Extensive studies of the emission from thdev-  much larger than the spin-orbit coupling fdr=0-2,
els produced by electron impact at different pressures hawyhereas the reverse is true for 3, because the exchange
been made. Analyses of these data in terms oftisascade integral decreases dramatically with increasingue to the
model allow one to infer the cross sections for théevels reduced overlap between thes hnd nl orbitals [5]. They
and to delineate the effects &f levels on excitation pro- concluded that thaF states of helium, unlike th§ P, andD
cesse$7-10], even though direct measurements of the crosstates, do not conform to theS coupling and should be
sections for theéF levels have remained elusive. described instead as a superposition of th& and n 3F

The availability of the weak emission Fourier-transform states. The singlet component of the wave function en-
spectromete(FTS) has facilitated the study of infrared emis- ables collisional transfer from P without violating Wign-
sions in electron collision experimerits1,12. In this paper er’s rule and thenF atoms so produced may cascade into the

It has long been known that the excitation functions of the
n 3D levels exhibit a broad secondary maximum around 100
8V at elevated pressur¢éabove~30 mTor) in addition to
he narrow(primary) peak at 30 eV characteristic of excita-

He(1'S)+He(n *P)—He(11S)+He(n °D). (1)
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collisional increase in its percentage contribution at higher pressure as

'/ﬁm\ expected from Eq(2). Further developments of this time-

resolution technique have made it possible to ascertain the

P 53_D portion of the 3D population due to cascade from several
4D individual nF levels[8,9]. This provides an indirect way to
determine thenF— 33D emission intensity by measuring the
e 33D—23P radiation and its decay curve without actually
3D detecting thenF— 3°D radiation. By performing such time-
- resolution measurements at different pressures it is possible
% to determine the transfer cross sections between ffieand
3 nF states and obtain estimates for thE excitation cross
2 sections.
g The mixednF states generated by transfer framiP are
B capable of cascading not only into the low#D levels as
18 shown in Eq.(2) but also into the lowelD levels. Thus the

nF transfer mechanism predicts a pressure-dependent cas-

singlet-triplet & manifold is populated by direct electron excita- peak at 100 eV in théD excitation functions at high pres-
tion, cascade from higher levelsot shown, and collisional trans- sure. This was confirmed experimentally as the 50-eV peak
fer from the 5'P level. It is depopulated through radiative transi- of the 41D excitation function observed at low pressuige
tions to lower levels, as well as by collisional excitation transfermTorr) indeed shifts and ultimately transforms into a broad
back to the 5P level. peak at 100 eV at about 130 mTdrB]. Time-resolution
‘experiments on the *D— 2P emissions similar to the ones
discussed in the preceding paragraph have been reg@8ited

Then !P—nF transfer and the subsequent cascade to the

3D levels through their partial triplet character. The mecha
nism for the secondary peak in ti® is then taken to be

He(11S)+He(n P)— He(11S)+He(nF), 3'D and 3D levels also have important bearings on mea-
surements of linewidths in plasmas. Momentum transfer as-
He(nF)—He(n’ 3D)+hv, (2)  sociated with collisional excitation of the'® and 3°D lev-

els through this multistep mechanism produces a nonthermal
which has been confirmed and used extensively in subsehstribution of the Doppler broadening. Such a distortion in
guent workg3,7,8,15. We illustrate these various excitation the line profile may cause complications in relating the line-
mechanisms in Fig. 1. width to gas number density. Distortion of the line profile of
Much research concerning the singlet-triplet mixing of theemissions from 3D and 3°D caused by the excitation trans-

F levels and its role in the excitation of tme®D levels has fer mechanism of Eq(2) has been discussed recently by Su
since appeared in the literature. Parish and Mires performeand Nicol[4].

an extensive calculation on the singlet-triplet mixing for sev-

eral excited states of He and found essentially no mixing for

the D states, but significant mixing for thE states[16]. lil. METHOD

Observation of the 1D,—7'F3 and 7'D,—7 °F; transitions We use the optical method to measure cross sections for
by Wing and Lamb confirms the presence of the miXed electron-impact excitation of ground-state helium atoms. A
stateq17]. more detailed description of the method has been previously

In their experiment with a helium gas discharge, Abramspyplished[18]; we present a brief summary here. Consider
and Wolga have shown that the Wigner spin rule is obeye@n electron beam of current passing through a gas of
for collisional transfer from the EIP level to the 4!'5, 41P, ground-state atoms of number dengiwl exciting some at-
and 4'D levels, but does not apply to collisional transfer oms to leveli. The number of photons emitted per beam
from 43F [3]. This is in agreement with the prediction of |ength per unit time as the atoms decay to some lower level
Ref. [5], based on the singlet-triplet mixing of thiestates.  j @, , is detected and constitutes the primary experimental

Another important feature of the mechanism of E2).is  data that we cast in the form of theptical emission cross
that the secondary peak in thé 3D excitation is attributed  sectionfor the transition:

to the cascade from the highBErlevels rather than a direct
collisional transfer from the 1P atoms as suggested in Eq. ®
(1). Pendleton and Hughes measured the temporal depen- QP= i 3
dence of the fluorescence from théBlevel (3°D—2°P) one(l/e)’

following excitation by a pulsed electron bedi]. The re-

sulting time-decay curve can be decomposed into two singleyheree is the charge of an electron. The sum of all optical

exponential components, one with a mean lifetime of 15 Ngmission cross sections froito lower levels is termed the

other with a mean lifetime of 13010 ns. The slow compo-

nent is attributed to cascade from thdevels since the natu-

ral lifetimes for the #F, 53F, and 6°F levels are 72, 140, Q= Qort @)
and 240 ns, respectively. The slow component was found to ot
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The apparent excitation cross section includes the populatiois possible without violating Wigner’s rule due to the singlet
of leveli by direct excitation as well as indirect mechanisms.components in the wave functions. We neglect transfer from
In measuring excitation cross sections, the experiments ame!P to the two purely triplet levels 3F, andn3F,. As a
most often performed at the very-low-pressure regime wherenatter of notation, the two mixed states are collectively re-
secondary processes such as collisional transfer and radiatiferred to asF3, whereas the entireF manifold, including
trapping can be ignored and the measured optical cross selseth the mixed and unmixed states, is designatedFas

tions as defined in Eq.3) are independent of the pressure.  Although in our experiment the radiation emitted by the
Under this condition one needs to consider only direct exciindividual members of theF group is not resolved, the two
tation and the indirect mechanism of radiative cascade, i.emixed levels F;) and the two unmixed levels must be
populating leveli through excitation into a higher levéd  analyzed separately. The two mixed levels are populated by
followed by thek—i decay. The cascade component of thedirect electron excitation, cascade, and collisional transfer
total population is simply the sum of the radiation into thefrom n 1P and are depopulated by radiative decay and colli-
leveli from all higher levels. Accordingly, theascade cross sional transfer inta 1P. Accordingly, the rate equation for
sectionis defined as the two mixed levels togethenfy) is

dnnF
S _ dir
icasczk2>_ Qo (5) T_nO(I/e)Q”F3+k>EnF3 Ax—nr Nkt Crtpnf,Nn1p
I

Thus, in this ideal low-pressure regime, the apparent excita- ~Cnry—n 1PnnF3_j<an AnF3HjnnF3r (7)
tion cross section is the sum of the direct excitation cross 3

dir : [P . L. .

i ) and the cascade cross section. whereQpf is the sum of the direct excitation cross sections

section Q;
into the two mixed IevelsmnF3 refers to the total population

Due to the exceptionally strong collisional transfer in-
volved, the experiments on excitation of th& levels re- . . .
ported in this paper were mostly not conducted in the ideanlthe twonF; 'eYe'Sa”n 1p i the population density of the
low-pressure region and the optical emission and apparefit P 1€Vel, Ca_y, is the (averagg rate of transfer from lev-
cross sections determined according to E8s.and (4) are €S @ to b through collision with a ground state atom, and
not independent of the pressure. In addition, tH® levels, ~Aa—b IS the EinsteinA coefficient for thea to b transition.
which are optically coupled to the ground level, exhibit The A coefficients for then“F—n’"D andn*F—n""D
strong pressure dependence, due to reabsorption of the redf@nsitions are virtually identical and so the total radiative
nance radiatiofil,19]. In these cases, the concept of “cross 9€cay rate
section” may be somewhat questionable in a pedantic sense.
Nevertheless, even for measurements made at pressures > Ank,—j=Anr, = AnF 8
above the ideal range, we use the term “optical cross sec- j<nF3
tion” as defined in Eq.3) to describe the rate of photon is the same for the two mixed levels as well as for the pure
emission induced by electron impact and refer to the varia; Slevelsn 3F dn 3F dis simpl it A Th
tions of the optical cross sections and the resulting apparerlit EVEISN ", andn "4 and IS Simply Writlen asne . 1he
excitation cross sections with pressure as the “pressure eH_ansfer ratec, ., can be_expressed in terms of the colli-
fect.” In this section we consider both electron-impact exci-Slonal transfer cross section as
tation and collisional excitation transfer to dgtermine the Cap=4N0 s p(RT/ITM)Y2, (9)
pressure dependence of the apparent excitation cross sec-
tions. Allowance for the singlet-triplet mixing for theF  where o, _;, is the collisional transfer cross sectidR,the
levels will be made in the analysis. gas constanfT the target gas temperature, avidhe atomic

At the pressure range of our experiments, tiielevels mass. The principle of detailed balance requires that the
are populated by direct excitation, cascade, and collisionaiF;—n P “backward” transfer be related to tha P
transfer fromn'P. Of special interest are the very small —nF; “forward” transfer through the statistical weights,
energy spacings between thE andn 1P levels(40, 21, and i.e.,
12 cm 1 for n=4, 5, and 6, respectivelyso that at thermal
kinetic energies, atom-atom collisional transfer into e 3
levels from thelP levels of the same value can occur OnF3—ntP~ 74 InlP—nFy (10
readily, but transfer between levels of differemnis negli-
gible. For a free He atom, the singlet-triplet mixing discussed In a steady-state distribution, E() becomes
in Sec. Il is limited toLS-basis functions of the samkgi.e.,
n 1F5; mixes with onlyn 3F, but not withn 3F, andn 3F,.
Based on this model, transfer from'P into the two mixed
nF, states, callesF2 andnFY, of wave functions NnF,=

i
no(1/€)Qpe,+ Ek: Ak—nf Mkt Crip_nr,Nn1p

CnF3ﬁn1P+AnF3
(11

nF3)=&y(n 'F3) + ny(°Fy)
p(nF3) =& )ty 8 ® If we set the transfer rates ; to zero, the above equation

b L 5 reduces to the case of the ideal low-pressure limit in which
p(nF3)=—n¢(n-"F3)+ EY(°F3), the two surviving terms on the right-hand side correspond to
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direct excitation and cascade from higher levelSince we ®cr. 3p=Asr. _3pNse
use the optical method to measure experimentally the num- ~ ° $ 3
ber of photons emitted per beam length per tidg-_.np =Ask,.3pNo(l/€)
from specific transitions rather than directly measuring the i
populaﬁon densities, we recast Edl) in termys of the me%— ggs-"Qg%Ssc"' P(noJ/e) *Bs 1p—5F M5 1p
sured quantities. Consider the case &f;5 Experimentally, X Ar +2PBs1 '
we measure the B—3°D, 5F3—3'D, 5F5—3°D, and Fa 14T S P=Sh,

5F5— 3D emissions that are not resolved and are collec- (13

tively refeged tlo as [353_’3[3' Tbhe trlansmgn probabilities |, 4 qgition to the %;— 3D transitions, our measured radia-

for the 5753—3°D+3"D and F3—3°D+3°D groups are sy, intensity includes the emissions from the unmixed levels
virtually the same and are denotedmnygD. To facilitate 53,33 and 5%F,—3%D, which are not resolved from

the analysis of the effects of the gas presstinge define 5F;—3D. Since the unmixed levels do not receive transfer
from n P, the 5°F,—3°D and 5°F,—3°D emissions yield

the usual optical cross sectio@5: ;3 and Qg 33,

which are not pressure dependent. We express our measured
photon emission rate for the entire=5-3D group as a
which is independent of the helium atom number densitypressure-dependent apparent cross section by means of Eq.
Equation(11) becomes (3), i.e.,

1
ﬁiﬂ:ﬁ Cij, (12

(Qgi,E3+ Q5E)+P(ngd/e) "X Bsipsr)Ns1p

iip : (14)
F, 714 Bs 1p—5F,

opt __ ~opt opt
QSE—GD( P)= Q53F2—»3 apt Q53F4—>3 apt A5F3—>3D

and underscore the pressure effect by writing the left-hand side aflBoas a function oP. The number densitgs 1p in Eq.
(14) is related to the measured optical cross section as

N5 1p=no(1/©Q 51 As1p_21s- (19

Because of radiation trapping, the optical cross sections for emission fromtRdevels are known to exhibit pressure
dependence even in the absence of collisional tratiséer Sec. V A To emphasize this point, we use E5) to rewrite Eq.

(14) in terms of the pressure-dependent cross se@'@)’ﬁuz 1(P),

(QEE, + Q&I+ P(Bs 1psr,/As1p_219Q0p_1o(P)

3
3
Ask,+12PBsip e,

opt __ ~opt opt
5EH30(P)—Q53|:2H33D+Q53F4433D+A5F3H3D (18

The use of experimentally measured cross sectionfient we measur@2 .o (P) and Q%% ,14(P) from 3 to
Q2%s_,14(P) in Eq. (16) allows for the effects of radiation 50 mTorr over the energy range 20—300 eV and use the
trapping. In the limit of zero pressure, Ed.6) reduces to observed pressure dependence to determine the value of

Bs1p_sr,. Once this parameter is known, E@.6) can be

opt _ opt opt
QSF—>33D(P_)O)_Q53F2—>33D+Q53F4—>33D used to extrapolate our measurements to zero pressure to
dir cas obtain the sum of the apparent excitation cross sections of
+(Asr,—3p/Asr)(Qsp, + Qs the nF levels.
a| a
=T's3330(Q5%, + Q5, IV. EXPERIMENTAL APPARATUS
+ 0P oarp (17) To measure the optical cross sections for e —21S
Qgpa Q5|:b)v 1 13 . L .. ..
3 3 andn*D —213p transitions, which lie in the visible to ul-

traviolet spectral region, we use a grating monochromator-
wherel is the branching fraction of the transition indicated ppT system. This apparatus has been fully described else-
and we have taken advantage of the fact that the-$ID  \yhere[18,20. Thus only a brief account is given here. A
transition probabilities are independent of the spin multiplic-stainless-steel collision chamber is first evacuated to low
ity. The pressure dependence @Y ;,(P) in Eq. (16) is  pressure and then filled with research grade helium. An
due to excitation transfefthe SP termg as well as the in-  electron gun consisting of an indirectly heated BaO
trinsic pressure dependence(ogﬂtpazls(P). In our experi- cathode and multiple electrostatic focusing and acceleration



4576 J. ETHAN CHILTON AND CHUN C. LIN PRA 58

grids produces an electron beam, exciting ground-state at B L

o~ o ; . 80

oms. Radiation from the collision region passes into a I

1.26-m Czerny-Turner spectrometer and is detected by ¢ 70} o (p) &
PMT. The gas pressure is measured with a capacitive ma,~ T s'p2's

nometer and the electron current is captured in a deep Fare § 60 [
day cup. The emission intensity divided by current and pres< 5q

sure yield a value proportional to the optical cross section as 2
defined in Eq.(3). Absolute calibration of the optical mea- g 40| 1
surements is effected by comparing the intensity of the exci- § 30 A
tation signal with the output of a calibrated standard lamp. =}

To measure thenF—3D infrared emissions, we use a & 20 7

nearly identical collision chamber and electron gun setup ©
with a FTS in place of the monochromator and PMT. This
apparatus was used previously in our investigation of the 2
levels of argon11]. An In,Ga _,As detector, operating in

the (11 750-5909cm™* [(0.85—1.F-um] spectral region Pressure (mTorr)

with a resolution of 2 cm! was used for the B and & ) o _

measurements. TheF4levels were detected with the use of  FIG. 2. Optical emission cross section for theP5-2' S tran-
an InSb detector covering 7900—3000_&'(|1.27—3.3?ﬂm). S_ItIOl’_l versus pres;ure at 100-eV incident electron energy. The _sol_ld
At a given pressure and energy, the FTS recorded and aveine is the theoretical pressure dependence based on the radiation
aged 150 spectral scans. Three such runs were taken at edt@pPing model of Ref19].

point and the results averaged. Spectra were corrected for. N

optical transmittance factors and detector sensitivity by obthiS process depends on the probability of a resonant photon
serving the output of a calibrated blackbody source as de2€ing reabsorbed, which in turn depends on the gas pressure.
scribed in Ref[11]. Using the InGa, _,As detector, we ex- For a qulantltaglve description, we introdutcas thg fraction _
tracted the height of the5—3D peak at 7817 ot (1.279 o_f the 5-P—1-S res_on_ant photons rgabs_orbed in the colli-
um), the & —3D peak at 9161 cmt (1.092 um), and the ~ SioN chamber. Variations of the “imprisonment faptor”
23p_,235 peak at 9231 cmt (1.083 um). Because the 1-f _W|th respect to the gas pressure have been given by
23p_.23Stransition is also visible with the monochromator- Gabriel and Heddlg19]. Using their values of 1 f, we

PMT system, we use that value to normalize ofrénd 6  have calculated the pressure dependence of tie-8 'S
cross sections obtained with the @g, _,As detector. In the optlcal_emlssmr_l cross sections due to radlgtlon trapping and
case of the InSb detector, there is a two-step process to nof2und it to be in very good agreement with our measure-
malize the & cross sections. An argon discharge tube'mlents as |IIustratgd in Fig. 2. The excitation functions of the
which displays several emission lines in the overlap regior? © |€vels at six different pressuré8—50 mTorj are shown
between the InSb and J6a_,As detectors, is observed N Fig. 3. The shape of the excitation function shows little
with the FTS. We first examine the ratio of the InSb valuesvariation with pressure since at a given pressure the radiation
for the 7287-, 7403-, and 7479-cthargon lines to those for trappin_g has the same effect on the cross sections regardless
the InGa, ,As detector. Since the JGa, ,As detector has ©f the incident electron energy. _

already been normalized to an absolute scale with the helium Collisional transfer between '® and 15: is another
23p_23S line, we can now place the InSb measurement offOU"ce of the pressure effect of théP-21S optical cross

the 4F transition on an absolute scale.

80 T T T T d T T T T T T T
70 - .
V. RESULTS AND DISCUSSION 3
—~ 60 i
A. Optical emission cross section fon P—21S “g |
and pressure effects a“’ 50 .
Because of the important role played by theP levelsin =~ 2 4| i
the excitation of then 'F levels, we present in Fig. 2 the g .
optical emission cross sections of théP-2 S transitions ~ § 30| .
at 100 eV at various pressures from 0.08 to 50 mTorr. The < 5 I
dramatic increase in cross section with pressure above . & 0_' ]
mTorr is the result of radiation trapping. When the H&p% © 10 E i
atoms decay radiatively to the lower'S andn 1D levels, .
the 5'P—11'S resonant photons may be reabsorbed by a 0 '

L 1 L 1 L 1 L 1 L 1

! 0 50 100 150 200 250 300
nearby ground-state He atom. The H&P% atoms resulting El

. . L. . ectron Energy (eV)
from this reabsorption undergo radiative decay into all lower
levels in accordance with the branching fractions. For our FiG. 3. Excitation functions for the %—2'Stransition at dif-
experiment this is equivalent to generating addition:‘lll_D S ferent pressures. Note the peak near 100-eV incident electron en-
—21S emissions at the expense of the resonant radiatiorergy. Variation of the magnitude of the cross section is due to

The amount of additional —2!S emission generated by resonance radiation reabsorption.
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FIG. 4. Optical excitation functions for theF5—3D transition FIG. S Excitation fgnctlons for the 2 P transition at
various pressures. The influence of tHe &ascade is clearly seen at
at 3(0), 10 (@), 20(J), and 30 mTorr(A). Smooth curves have hi .
) S gh pressures, as a secondary maximum appears near 100 eV.
been drawn through the data as a guide. As pressure is |ncreasec!I,
the shape of the excitation function begins to be influenced by that
of the 5P level (Fig. 3. sponding to dipole-forbidden transitions. However, as pres-

sure is increased, a secondary maximum near 100 eV be-

sections. However, because of the very larde Bross sec- COMes apparent. By approximately 10 mTorr this secondary
tions, the SP—5F transfer causes only a small percentageP€2K is of equal magnitude to the low-energy peak and by 20
change in the %P—21S emission cross section within the MTOIT this higher-energy peak dominates the excitation
pressure range of Fig. 2. It should be noted, however, that th&inction. As discussed later in this section, even at 3 mTorr
same transfer produces an enormous change in fhe sthe 5F level receives an appreciable p_art of its population
—.3D emission cross section, since the Bvels have much from n*P transfer. The very slow decline of the 3-mTorr
smaller cross sections than do théPSlevels, so the 5P curve in Fig. 4 at high energies represents a distortion of the
—5F transfer is the dominant contributor to th€ Hopula- 5F excitation function by this secondary peak. The excita-

tion even at pressures as low as a few mTorr. tion functions for the #— 3D and 6— 3D transitions ex-
hibit similar behaviors. A comparison of Fig. 4 with Fig. 3
B. Analysis of the pressure effects suggests that the secondary maxima appearing in fhexé
of the nF—3D emission cross sections citation functions are related to the 100-eV peak in tHe 5

Returning to the measurements for thié levels, we ob- exci}ation. functiqn..Because of rgdiqtion trappin.g, théP5
serve the £—3D transition at incident electron energies 2 Soptical emission cross section increases with pressure.
between 20 and 300 eV at various pressures up to 50 mTorf.N€ secondary peak in the optical excitation function of the
The 5F—3D and 6—3D transitions were examined from SF—3D emission as shown in Eq16) is to first order
3 to 50 mTorr over the same energy range. The—¥3D proportional to the product of pressure times th#5:21S
emission falls outside the )!Gal_XAS Spectra] region, but Optical cross section. This eXpIainS the very dramatic in-
could be observed with the monochromator system using aérease of the secondary peak in tife urves with pressure.
S-1 photocathode. Due to the weak signal and low quantum The cascade contribution to the’3 level from the F
efficiency of the detector, data were taken between 20 and 3@vels, as discussed in Sec. Il, is plainly seen in Fig. 5, which
mTorr and 100 eV only. The emissions from the higlfer contains excitation functions of the3B—23P emission
levels were too weak to be observed. Of all théevel tran-  cross sections at seven different pressures from 1 to 50
sitions, the one witm=5 was the most easily observable. mTorr. The excitation functions in Figs. 4 and 5 display
The InSb detector, which is used for th&4-3D transi- similar changes in shape with increasing pressure. Tie 3
tions, has a lower sensitivity than that of the @& _,As level acquires its high-pressure secondary peak frooas-
detector(its detectivity is about a factor of 50 lowewso that  cade. Theé= excitation functions in turn acquire their second-
the 4F line was not observable at very low pressures. Alsoary peak from then 1P level through excitation transfer.
the 68— 3D line lies close enough to the much larget2 Once we have measured thE &nd 5'P cross sections at
—23Stransition that its smaller magnitude is often swampedvarious pressures, we apply EG.6) and extract the colli-
by ripples from incomplete apodization of the’—23S  sional transfer cross section. We use our experimental values
line, making it difficult to extract from the spectrum. Hence for the 5 —3D and 5'P—2!S cross sectiongas functions
most of the following examples will center on theF5 of pressurg together with theoretical calculations for the
— 3D transition. coefficients[21], as inputs to our model and then calculate

In Fig. 4 we show excitation functions for theF5-3D the least-squares fit of E@16) to extract the fitting param-
transition over a range of pressures. It is clear that at a loveters. This process is repeated at each value of the incident
pressureg~3 mTorp the excitation function displays the electron energy for which data were acquired. The least-
relatively sharply peaked shape expected of excitation corresquares value of the parameteBsip_sz remained
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sof : T T ] TABLE |. Apparent cross section@t the zero-pressure limit
for the 5'S, 5D, and & levels versus incident electron energy.
70 i Cross sections are expressed in units ofd@n?.
o
g 60 1 Energy(eV) 515 51D 5F
s 50 l 28 81+10 69+8 26+5
=) ] 35 92+11 89-11 23+5
.g 40 8710 90+11 21+4
3 30 T 50 81+10 85+10 18+5
2 20 1 75 67+8 65+8 16+5
e 100 59+7 51+6 11+3
© 10 1 150 50+6 35+4 8.0-2.4
0 , , , , , 200 42+5 24+3 6.1+2.2
140 + .
P 120 ] C. Apparent excitation cross sections for thenF levels
5 100} . From the theoretical transition probabilities of REZ1],
—N:o the branching fraction for theF5— 3D decay is found to be
= 80 + 1 0.64. Upon dividing the zero-pressuré=5:3D emission
g 60l | cross sections of Eq18) by this branching fraction, we ob-
§ tain the sum of the apparent excitation cross sections for all
© 4ol ] the 5F levels and the results for electron energies from 28 to
§ Q 200 eV are shown in Table I. For energy levels conforming
3 20t 100 eV 1 to theLS coupling, the singlet members generally have much
larger cross sections than the triplet ones, except at energies
05 16 30 30 20 30 very near the threshold. Thus we include in Table | tH§ 5
Pressure (mTorr) and 5'D apparent excitation cross sections taken in our labo-

ratory for comparison with the /5 results and find the 5
FIG. 6. Optical cross sections for thé&5-3D transition versus and 5D cross sections considerably larger than those for
pressure at 35 and 100 eV. The data have been fit usinglBy.  5F as expected. In Fig. 7 we show the shape of the excita-
The solid curve is calculated from Eq16) using the measured tjgn funcuons for 513 51D, and &, all normalized to the

fer rate. maximum at about 50 eV in contrast to the 28-eV

quite consistent at all incident electron energies and is equal
to (0.283+0.016)x 10° mTorr 1 s™%, which corresponds to

a collisional cross section of (4.941.09)x 10~ ** cn?. Fig-

ure 6 shows the agreement of the measuriee-3D optical
cross sections at pressures from 3 to 50 mTorr at two differ-z 0.8 -
ent electron energies with the calculated values based on Ec5
(16) and the curve fit parameters. Since we have measure«—g 0.6 L
the 5'P—21S cross sections at pressures as low as 0.08%
mTorr and since the —21S cross section appears to re- §
main constant below 0.08 mTorr at a given electron energy3 04T
(Fig. 2), we have extended the calculated curve in Fig. 6 2
down to zero pressure. At each energy, the fit was found ta5 0.2
be particularly sensitive to the value 8f 1p_.5: . The fit was
also found to be highly dependent upon the sum

Qor,—33T Qar, 3%+ (Ask—ap /Ase) (Q5E+ QEFS:
(18)

1.0 -

0.0 ’. [l " 1 " 1 L 1 " [l N 1
0 50 100 150 200 250 300

Electron Energy (eV)

FIG. 7. Apparent excitation functions for the'S (solid line),
D (dashed ling and 5 (circles levels. The 5Sand 5'D exci-
tation cross sections were measured at 0.1 mTorr, where pressure

independently varying the values of the four individual Crossy
section parameters had little effect on the quality of the fit.
This sum represents the zero-pressure limit of the-8D  gffects are no longer significant. Th& Slata are the cross sections

emission cross section, as indicated in ELz). When we 4t the zero-pressure limit. Note the significant difference in shape of

compare the b—3D cross sections at zero pressure Withthe 5 excitation function between this plot and the 3-mTorr plot of
those at 3 mTorr, we find that even at this low pressure, aig. 4, indicating the important role of collisional transfer at low

appreciable portion of the observe#-5:3D signal is due to  (mTorn pressures. All three curves are normalized to unity at the
51P—5F transfer: 20% at 100 eV and 50% at 200 eV.  peak.
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TABLE II. Apparent cross sections for tHelevels(at the zero- TABLE Ill. Our values for the collisional transfer cross sec-
pressure limit at 50, 100, and 150 eV. Units are 10 cn?. tions, determined by measuring emissions from Ehéevels, are
given in the first column. Uncertainties represent systematic and
Energy(eV) 4F 5F 6F statistical error. The second column lists the values obtained from

time-resolved spectroscopic measurements of emissions frol the

50 68+17 185 2.9:1.2 levels from Ref[8]. Units are 104 cn?.
100 40+11 11+3 1.8+0.9
150 35-9 8.0+2.4 1.6:0.7 Level This work Ref[8]
4F 1.9+0.5 2.0:0.2
. 5F 49+1.1 6.4:0.7
peak exhibited by the B levels. The % data appear to
. . 6F 11.9+35 13+2.6
decrease about as rapidly with energy as do th® Bross 7F 28+11

sections, both consistent with theElLHependence at high
energies. The shape of th& ®xcitation function shown here
differs considerably from the plot of cross section data vs.
energy at 3 mTorr in Fig. 4 indicating the influence of colli- ) o o
sional transfer even at low pressures of a few mTorr. Se(l:t|on \{B indicates that fitting our measurel-5 3D

From our &—3D and &—3D optical emission cross and 5P—2°S emission cross sections at various pressures
section data taken at different pressures, we also obtain g Ea- (16) determ|ne§ the vglue of the .ex0|tat|on transfer
limiting values for zero pressure, which, together with theParameteps ip_sr, Wh'Ch we find to remain constant for all
appropriate branching fractions calculated from RefL], incident energies, as is ex.pegted. This parameter is related to
give the apparent excitation cross sections for theadid @ (€ Cross section for excitation transfers 1p_s¢, through
manifolds. As explained in Sec. V B, thé=4and & emis- Egs.(9) andl(12). The same procedure is used to determine
sion signals are more difficult to detect than thie Signal. the othern P—>n.F .transfer cross sections. AIth.ough our
Thus measurements were made only at 50, 100, and 150 effata forn=7 are limited to a few high-pressure points where
The apparent excitation cross sections at these energies df¢ Signal is more easily detected, we may still extract the
listed in Table II. Although we have also measured tiie 7 transfer cross section since at high pressures the collisional
—.3D emissions, the uncertainties associated with the verjfansfer forms the dominant population process. ouP
weak signals do not permit a meaningful determination of *NF t.ransfer cross sections for=4-7 are given in Table
the zero-pressure cross sections. Ill, which also includes the transfer.cr.oss sections reported

Anderson, Hughes, and Norton carried the time-resolutiop¥ @Y and Hughegs], based on their time-resolution mea-
experiments for the 2P and 3°D—23P emissions to surements (_)f tha °D—2°P andn “D—2"P emissions. The _
sufficiently low pressures, so that it is possible to extracdreeément is seen to be very good. They observed that their
information about the excitation cross sectigesclusive of ~ @nsfer cross sections vary a$, wheC[eas a log-log plot of
the transfer contributionsinto the nF levels[9]. These au- ©OUr Cross sections versasyields ann® dependence witl
thors reported estimates of excitation cross sections 6t 4 =4.7£0.7 (F'Q- 8). ) )
in units of 102 cn?, as 277 and 115 at 50 and 100 eV, '_I'he rapid increase of the transfer cross section with
respectively, and 265 and 5+2 as the corresponding®® mdpates a stronger pressure erendence of thg apparent ex-
cross sections. If we add their'® and 4°F cross sections to  Citalion cross section for a higher= level. For instance,
form the total & cross section, we find their results to be fro.m the zero-pressure limit to 10 mTorr, the apparent exci-
consistent with ours within the stated uncertainty limits at sgtation cross section at 50 eV increases by a factor of 1.2 for
eV, but below ours at 100 eV. 4F, 2.7 for 5+, and 7.9 for &. At 100 eV the correspond-

To obtain the direct excitation cross sections for tie
levels, it is necessary to ascertain the population of these _ 100
levels due to cascades from the higheandG levels. TheD ° '
levels decay predominantly into the levels with only a
small part into the- levels. The branching fractions for the
n'D—4¥(n=5-7), n'D—5'F(n=6-8), and n'D
—6F(n=7-9) transitions are no more than 0.005. Thus we
can neglect th® —F cascades based on any reasonable es-
timates of the excitation cross sections for théD levels.
On the other hand, cascades from @G&evels are difficult to
estimate since we are not aware of any measured cross sec
tions for theG levels. Based on the trend of decreasing cross
section with increasing orbital angular momentum, it is rea-
sonable to assume that the cross sections foGthevels are
smaller than those of thE levels of the sama. Under this
condition, theG—F cascades are not expected to constitute
a large part of the total population and the apparent excita- FIG. 8. Collisional transfer cross section fotP—nF versus
tion cross sections generally can be taken as a first approxihe quantum numbaer. A least-squares fit to the data shows that the
mation to the direct excitation cross sections. cross section varies ag', wherea=4.7+0.7.

D. Cross sections fom *P—nF transfer

cm

n'P—> nF
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10_— =

Collisional transfer cross section (10
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ing numbers are 1.8 forHE, 5.0 for 5, and 16 for &. The VI. CONCLUSIONS
effect of then 'P— nF transfer is most prominent at 100 eV,
which corresponds to the peak of théP excitation func- It has long been known that in electron-impact excitation
tion. of helium, the population of thaF levels are strongly influ-
enced by transfer from the!P levels of the sama through
E. Discussion of the transfer model collisions with a ground-state He atom. Direct measurements

Finally, some comments should be made concerning th8f the He@iF) atom number density, however, were difficult
singlet-triplet mixing and its relation to the'P— nF trans- beca}use emissions from the lowketevels are in the infrared _
fer. In Eq. (6) we allow only mixing between singlet and outside the detection range of photomultiplier tubes tradi-
triplet eigenfunctions of the sandebased on the fact thdtis ~ tionally used in cross-section measurements. By using the
rigorously a good quantum number for an isolated atomtechnique of Fourier-transform spectroscopy, we have mea-
This led us to the model that allows for transfer fromhP to ~ sured the electron-impact optical cross sections for emission
the two mixednF; levels, but not to the two unmixed®F,  from the nF levels ('=4-6) over the target gas pressure
andn®F, levels. Kay and Hughes raised the question as taange 3—30 mTorr at incident electron energies from thresh-
whether the collisional transfer should be so selecfe  old to 200 eV. The variations of the emission cross sections
Indeed, St. John and Nee have considered two differenwith respect to pressure and incident electron energy are in
transfer model§15]. In their first, the3r, and 3, states are complete accordance with tlie'P—nF collisional transfer
not operative in then 'P—nF collisional transfer, whereas mechanism. Extrapolation of the emission cross-section data
the second model assumes a rapid exchange of excitatidn the limit of zero pressure enables us to determine the
among then®F,, n3F;, and n®F, states so that all the electron-impact excitation cross sections of tif§ which
states in thenF manifold receive transfer from1P. The have not been measured directly before, but only inferred
results of Ref[15] show a distinct preference for the first from the time-resolved 'D— 2P andn 3D — 23P emission
model. The role of then 3F, and n 3F, states in then!P ~ data. Excitation from the ground state to thE levels in-
—nF transfer is a complicated issue as it depends on th&olves a large change of the orbital angular momentum. Fur-
way in which the nearly degeneratéFz, n 3|:4, n F2, and thermore, thenF levels are very close to levels of the same
n F5 states are perturbed by collision with another atombut higher angular momentum and interactions of these
Nevertheless, even with a more general model in whict'@@rly degenerate levels induced by the colliding electrons
transfer fromn 1P to all F levels of the sama is possible, May play an important role. A comprehensive study of the
but with different probabilities, one can adopt an effective€Xcitation into thenF levels and a comparison with excita-
cross section for the transfer from!P to the entirenF  ton into the levels of lower angular momentum may yet
manifold so that the pressure dependence of the-3D reveal more interesting features of electron excitation pro-
emission cross section can still be described by an analysf&SSes:
similar to the one in Sec. Ill. Determination of the individual
cross sections for transfer into edétevel would, of course,

depend on the specific transfer model, but the extrapolation ACKNOWLEDGMENT
of the cross sections to zero pressure remains unchanged.
Thus the apparent excitation cross sections fomtRdevels This work was supported by the United States Air Force
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