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Kinetic-energy distribution of D (2p) atoms from analysis of the D Lyman« line profile
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The kinetic-energy distribution of D@ atoms resulting from electron-impact dissociation gflHas been
measured. A high-resolution vacuum ultraviolet spectrometer was employed for the first measurement of the D
Lyman- (D L«) emission line profiles at 20- and 100-eV excitation energies. Analysis of the deconvoluted
line profile of DL« at 100 eV reveals the existence of a narrow line central peak nf228A full width at
half maximum and a broad pedestal wing structure about 190 mA wide. The wings of the line can be used to
determine the fast atom distribution. The wings oEB arise from dissociative excitation of a series of doubly
excited states that cross the Franck-Condon region between 23 and 40 eV. The fast atom distribution at 100-eV
electron impact energy spans the energy range from 1 to 10 eV with a peak value near 6 eV. Sfgw D(2
atoms characterized by a distribution function with peak energy near 100 meV produce the central peak profile,
which is nearly independent of the impact energy. The deconvoluted line profiles of the central peak at 20 eV
for dissociative excitation of Pand H, are fitted with an analytical function for use in calibration of space
flight instrumentation equipped with a D/H absorption cell. The kinetic-energy and line profile results are
compared to similar measurements foy. Hhe absolute cross sections for the line cefisésw atoms and
wings (fast atom$ and total emission line profile were measured from threshold to 400 eV. Analytical model
coefficients are given for the energy dependence of the measured slow atom cross section.
[S1050-294{@7)02209-9

PACS numbd(s): 34.80.Gs, 33.50.Dq

INTRODUCTION have a higher autoionization probability. Predissociation
from singly excited states produces the major component of
The measurements of the Doppler emission line profilesslow” atomic fragments, which contributes to the center
of D Lymanw (La) and HLa at high optical resolution (core of L«, while direct dissociation from repulsive doubly
give information on the dissociation mechanisms for the D excited states produces “fast” atoms which contributes pri-
and H, isotopes of molecular hydrogen. The kinetic-energymarily to the wings of theL« emission. The appearance
distributions of the metastable DgRand H(Z) atoms from  potentials of the slow and fast channels are also distinctively
dissociative excitation of Pand H, have been reported in a different. The former occurs near 14.7 eV, while the latter at
number of papergl—4]. However, the kinetic energy distri- about 23 eV[10].
bution function of D(2) atoms from dissociative excitation The line profile studies of the various members of the
of D, has not been previously measured. We have recentliyyman series from dissociative excitation of Bnd H, are a
studied the kinetic-energy distribution of H§ atomic frag- means of determining the kinetic-energy distributions of the
ments by measuring the line profiles of the_Lld emission at  pairs of atomic fragments from each dissociation limit with
1215.67 A at 20-, 40-, and 100-eV electron-impact energiest least one fragment in a prompt radiative state. Line pro-
[5-7]. A similar study on D(®) from dissociative excitation files of the higher members of the Lyman series above the
of D, provides a comparison of the Hf2 and D(2p) principal quantum number=2 can be modeled from a de-
kinetic-energy distributions and can increase our understandailed knowledge of the Balmer series. For higher principal
ing of the two types of dissociation mechanisms that producguantum numbers through=5, studies of Dl) and H{n!)
the “slow” and “fast” atomic fragments. kinetic-energy distribution function measurements were car-
The measurements of the total emission cross sections @ied out many years ago by Higet al. [11,12. The major
H La and DL« (1215.33 A have been reviewed by van der findings indicate that the cross sections for the slow and fast
Burgtet al.[8] in 1989. The most recent study oflIDr was  atoms for both isotopes decrease with principal quantum
performed in 1984 by Becker and McConkig). The cross number and that the observed cross sections for the fast and
section of DL« is found to be smaller than its Ha coun-  slow processes for D are always smaller than the correspond-
terpart. B molecules dissociate more slowly tharp Hnd  ing process for H. The total emission cross sections for the
Balmer series from D and H have been measured by a num-
ber of authors, including Khayrallah3], Vroom and de-
*Permanent address: Department of Physics and Astronomy, UnHeer[14], and Karolis and Hartin§15]. The angular distri-

versity of Kentucky, Lexington, KY 40506. bution of protons and deuterons produced in dissociative
"Present address: Lunar and Planetary Laboratory, University ogxcitation of D, and H, in the near threshold energy region
Arizona, Tucson, AZ 85721-0092. has been studied by Van Brunt and Kieffag].
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FIG. 1. Experimental spectréa) 100-eV DL « line profile; (b) 20-eV DL« line profile; (c) zero-order slit function of the experimental
apparatus scaled to third ordéd) composite of(a), (b), and(c). The data statistics were better than 1%a)) (b), and(c). The wavelength
step size in third order was 1.333 mA. The operating conditions were established as followlsackground gas pressure of
1x 10 * torr and(2) electron-beam current of 200A. The FWHM of each profile is indicated in the figure.

As mentioned above, the kinetic-energy distributions ofdetermined by subtracting the cross section for the slow at-
metastable D(8) and H(Z%) atoms and Rydberg atoms from oms from the total emission cross section of the entiledd
the dissociative excitation of Dand H, by time-of-flight  line. The individual excitation functions can be modeled by
(TOPF) studies have been the subject of published researctihe modified Born approximatiofl7,18. An analytical ex-
[1-4]. In these studies thes2distributions from B and H, ~ pression is established for the emission cross section of the
appeared identical. slow component.

In this paper we report a comparison of the emission line
profiles of DL« and HL« from the dissociative excitation
of D, and H, at 20 and 100 eV. We apply fast Fourier trans-
form (FFT) techniques to recover the true line profile and The experimental system has been described byet al.
remove the instrument slit function contribution to the mea-{19] and Ajelloet al.[20]. In brief, the experimental system
surement. Analysis of the true line profile leads to theconsists of a high-resolution 3-m uv spectrometer in tandem
kinetic-energy distributions of the fast and slow atoms. Thewith an electron-impact collision chamber. A resolving
distributions of H(2) for the slow and fast components power of 50 000 is achieved by operating the spectrometer in
from our previous worK6,7] are compared to the results for third order. The line shapes were measured under experimen-
D(2p) found in this study. An analytical model is developed tal conditions that ensure the linearity of the signal with
for the 20-eV line profiles of .o« and HL«. The model is  electron-beam current and gas pressure. The spectra were
applied as a calibration technigue to the Cassini spacecrafieasured in the crossed-beams mode, while the cross sec-
H/D absorption cel(HDAC) to be flown in 1997 as part of tions were measured in the static gas mode. The electron-
the Ultraviolet Imaging Spectrograph subsystem. Finally, thempact-induced fluorescent line profiles oflDy at 20- and
cross section from 10 to 400 eV is obtained for the slowl00-eV impact energies are shown in a series of spectra in
atoms by measuring at high optical resolution the line centeFig. 1, along with the instrumental slit function of the spec-
excitation function. The cross section for the fast atoms idrometer. As expected at 100 eV, the line profile consists of

EXPERIMENT
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a narrow central peak and a broad wing base. The line profile — . .

— T

T T
at 20 eV shows no pedestal base structure and is symmetric | o S
In this experiment, the line profiles were measured at 90° tc [ e+D2 D@ +De e A L ]
both the electron and molecular beam axes. We assume th I bla RESULTS OF DEGONVOLUTION: 1
the polarization anisotropy is negligibfé1,12]. 08 ]

o LINE PROFILE D Lot

The observed line profiles are a convolution of ttreie) AT 100 eV

emission profile and instrumental slit function. Since the in-
strumental slit widthfull width at half maximum(FWHM)
of 24 mA] is comparable to the observed emission linewidth
(FWHM 36-37 mA, the instrumental function must be de-
convoluted from the observed line profile. A FFT technique i
was used to recover the actual line profile. Optimal Wiener o2
filtering of the measured signdl, was performed, since it
includes a small noise compond1]. The signal-to-noise s >
ratio (S/N) is greater than 100 for all line profiles. The true -150 -100 50 0 B 100 150
line profile, T(\), the measured line profilé(\), at 20 eV, WAVELENGTH (mA)
and the slit function are all approximately Gaussian in form. _ . ,
The root sum square of the FWHM of the true line shape andI FIG. .Zr'] ?}ecgggolt\;/n?n of thf?l 22’ and 1qu'ev line profiles data
the slit function should approximately equal the FWHM of &0ng with the 100-eVline profile data in ig(e-
the measured profile. This is found to be the case within 2neasured with both entrance and exit slits of the spectrom-
mA for the 20-eV line profile, and also for the line core of eter at 40um (corresponding to 42 mA FWHM in third
the 100-eV line profile. ordep, and then by scanning over and recording fluorescence
The absolute cross section oflDx emission produced by from L« in both D and H. We find the D & emission cross
electron impact at 100 eV on,lis determined from that of H  section at 100 eV to be 5.%410 *® cn?. The uncertainty in
La at 100 eV from H with the relative flow technique. The the absolute cross sections given in this work is approxi-
relative flow technique has been carefully documented fomately 22% based on the uncertainties in theL kbl cross
emission experiments in a recent paper by Kagtill.[22].  section, relative to calibration and signal statistics. The mea-
To ensure that both gases were in the molecular flow regimeured ratio ofQ(D La)/Q(H La) is 0.79 at 100 eV. The
we measured the signal intensities for both &d H at  ratio can be compared with 0.833 obtained by Becker and
various pressures and established the range in which there NgcConkey[9], 0.80 by Mohlmanret al. [23], and 0.82 by
linearity of the signal with pressure for both gases. By main+/room and deHeef14].
taining both gas pressures at about 100 mtoorresponding
to a chamber pressure abouk 10 ° torr), we are assured RESULTS

that the flow of the two species is the same. We can then N ,
We show in Fig. 2 the inverse FFT (FFY) of T+(s) and

determine the absolute emission cross section fot & ; , ;
emission produced by electron impact at 100 eV onbi I+(s) for the ZQ- and 1_00-eV line profiles, re§pectlvely. The
deconvoluted line profile of the central peak is found to have

comparing it with the known cross section oflHr for elec- . -
tron Fi)mpa%t of B a FWHM of 29.5-2 mA for the 20-eV DL« line profile
' gnd 29-2 mA for the 100-eV line profile. The FFT is

A LINE PROFILE |
E AT 20 eV 1

NORMALIZED INTENSITY

0.4~ | i — —24 mA

The emission cross section is proportional to the ratio o q X i for th i
the measured photoemission intensity to the product of@s€d on 14-point smoothing Gi(x) for the 100-eV line
profile and 10-point smoothing for the 20-eV line profile.

chamber pressure and electron flux: e N )
The kinetic-energy distribution of the fragmen®(E), is

o Ip L given by
oC
P PpJp P(E) = daT
(B)=K| g/ 4
I
Qx PLJg 2) wherek is a constanf24,25. The combined kinetic-energy

distributions of the fast and slow Df} fragments are
wherel, P, andJ® are the photoemission intensities, sampleshown in Figs. 8) and 3b) for the red wing of the two line
pressure, and the electron-beam current, respectively, argtofiles of Fig. 1. Figure @) expands the low-energy region
subscripts D and H identify quantities for @r D,) and H  (0-1 eV) and shows the slow fragment DgP kinetic-
(or H,), respectively. The emission cross section of thedd  energy distribution.

can be determined from that of Hao and relative as Since the measured Da line profiles for the central
peaks at 20 and 100 eV are the same within the experimental
~_ 1oPuJg (3 oo it follows that the resultant slow fragment distribution
Qo=Qu luPp S for each impact energy displays the same shape. The slow

fragment kinetic-energy distribution has a FWHM of 400
The absolute cross sections forlH production by dis- +50 meV with a peak at 15030 meV for 20- and 100-eV
sociative excitation of Hat 100 eV has been measured to beelectron-impact energies. The 20-eV results and line core
7.30x 10" 8 cn?, which is the average of results from four results for 100 eV are achieved without any further smooth-
laboratories[5—7]. The La photoemission intensities were ing to the FFT or to the derivative in E¢4). The TOF result



1932 CIOCCA, AJELLO, LIU, AND MAKI 56

T T T T T T T T T T ; . . —— . ; T .

1O L @ 200V
I ——— D(2p), 20 &V, THIS WORK

et e D(2p), 100 eV, THIS WORK ]

o8l L e D(2s), 100 eV, RYAN etal, 1979 _|

D Lo, .
FWHM = 29.5 mA

0.8 ————HLao, .

Hy+e—=Hla FWHM = 40 mA

Dy +e—DLa

o8t o8l

04 04l

RELATIVE INTENSITY (arb. units)
NORMALIZED INTENSITY

0.2 02

1 I 1 1 N
! L = e o A
0 02 04 06 08 10 12 =50 00 % 0 50 300 50
KINETIC ENERGY FRAGMENTS (eV) WAVELENGTH (mA)

[ ) T 7 T T T T T T T ey T T T T T
~ ——D(2p),100 eV, b
) THIS WORK 1o ® -
.k R D Lo, E
°°°°° D(2s), 98 eV, E L R FWHM = 29 mA
SPEZESKI et al., 1980
d b ——=—HLa,

-+= D(2s), 100 &V, ] 08— Y FWHM =40mA ]
CARNAHAN & ZIPF, 1977 F | -

T
100eV

1.0

0.8

0.6§

e ]
‘2 . "uu . /—X4 J

0.6

04}

RELATIVE INTENSITY (arb. units)
NORMALIZED INTENSITY

0.2 _— 0.2

el BEPRTRA , L L LT N
-150 -100 -50 0 50 100 150
KINETIC ENERGY FRAGMENTS (eV) WAVELENGTH (mA)

e P L ;
[} 1 2 3 4 5 3 7 8 9 10 Otz=c

FIG. 3. (a) Kinetic-energy D(9) distribution of slow atoms at FIG. 4. () Comparison of the [« true line profiles at 20-eV
20- and 100-eV electron-impact energies compared to the result lectron-impact energy compared to the results ofl.bd from
Ryan et al. [3] The distributions are obtained from Fig. 2 as ex- Ajello et al.[6,7]. (b) Comparison of the D« true line profiles at
plained in the text using FFT techniquets) Combined fast and ~100-€V electron-impact energy compared to the results dfcH
slow D(2p) atom kinetic-energy distribution function at 100-ev from Ajello et al.[6,7].
electron-impact energy compared to work of Carnahan and[Zipf
and Spezesket al. [2]. Spezesket al.[2] The results of Carnahan and Zipf indicate

a peak in the D(8) kinetic-energy distribution at 5.5 eV
for D(2s) slow fragments obtained by Ryaet al. [3] is  With a broad distribution extending to 12 eV. They also find
similar to its D(a)) Counterpart obtained in the present that 13% of the combined slow-fast distribution is due to the

work, and is also shown in Fig.(&. However, Ryaret al., fast component. In the present study, however, we find that
find a peak in the slow fragment distribution -at300 meV 31% of the combined slow-fast distribution arises from the
with a EWHM of ~500 meV. The differences in the two fast component. This result is identical to the Igj2fast
results may be attributed to the loss of sensitivity in TOFdistribution percentage from Hthat we found in our line
experiments as the D&} energy approaches zero and to profile analysis of HL« [6,7]. Overall, the agreement be-
branching differences for the singly excited-state channeldween the TOF and the high-resolution line profile analysis is
Both sets of results indicate a high-energy cutoff near 1 evseen to be excellent. A comparison of the Pjzand D(X)
Three peaks are observed in the combined slow and faststributions is of fundamental importance in understanding
D(2p) kinetic-energy distribution in Fig. (). The largest the dynamics of the Pdissociation process that can occur
peak, between 0 and 1.6 eV, from the slow atom distributiorfrom singly excited or doubly excited states. In the separated
has been discussed in the previous paragraph. The principalom limit, nonadiabatic coupling of the nearly degenerate
peak from the fast energy distribution occurs at 5.82p and 2 states are expected to lead to exchange of the
+1.0eV, while the minor secondary peak occurs at 2.20(2p) and D(z) fragments[26].
+1.0eV. The 5.8 1.0-eV peak can be compared to the
6-eV peak for the D(8) obtained with TOF studies at 98-eV COMPARISONS OF D, AND H., LINE PROFILES AND

impact energy by Spezeski al. [2] [also shown in Fig. KINETIC-ENERGY DISTRIBUTIONS
3(b)]. The kinetic-energy distribution of the D§P fast com-
ponent has also been studied by Carnahan and[Zjp#ith Figures 4a) and 4b) compare the line profiles of Ha

the TOF technique. Our results agree most closely witrand DL« at 20 and 100 eV, respectively. The ratios of the
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TABLE I. Coefficients to the three parameter Gaussian fit to the
20ev ] 20-eV true line profiles.

H, (20 eV) D, (20 eV)
Parameter Value Parameter Value

Hy + e —=H(2p) i
Dyre—mDizp) | A, 1.061 Ay 0.769
g A, —0.0833 A, —0.0441
. Az 0.0232 As 0.277
] oy 18.017 oy 14.733
1 oy 13.152 oy 21.212
o3 5.127 o3 8.500

RELATIVE INTENSITY (arb. uﬁits)

O S B ey et lished a value of 4.1 eV for the peak in the Hi)2distribu-
0 0.3 06 0.9 1.2 1.5 1.8 21 24 27 3.0 . . . .
KINETIC ENERGY FRAGMENTS (aV) tion [6,7]. This evaluation of the same data set includes a
. . . - - . . . » slightly different smoothing of the true Ha and DL« line
profiles at 20 and 100 eV and lies within the 1.0-eV error bar
of each distribution. The areas under the fast and slow
kinetic-energy distributions are the same for Idj2and
D(2p) as pointed out in the previous section.

A useful technique for deconvoluting the true line profile
from the measured data involves fitting the data by a sum of
Gaussians. This method has several advanta@bs:it
smooths the data?) it eliminates asymmetries in the line
shape(which may or may not be an experimental artijact
and(3) most importantly, it provides a simple, compact ana-
lytical form for the true line shapénote that the method
forces the line shape to be symmelric

The measured slit function and the measured line profile
are fitted to an arbitrary sum of Gaussians using a standard
curve-fit routine, e.g., the IDLinteractive data language
) o o curve-fit routine. The slit function is then deconvoluted from
_ FIG. 5. (8 Comparison of the D(@) kinetic-energy distribu- 0 measyred line profile with FFT techniques and a low-
tions at 20-eV electron-impact energy compared to the results og\ass filter mask. The calculations are performed with the

H(2p) from Ajello et al. [6,7]. (b) Comparison of the D(R) . . . . -
kinetic-energy distributions at 100-eV electron-impact energy Com_analytlcal functions instead of the data of Fig. 1. Finally, the

) resulting deconvolutiofi.e., the true line profilgis fitted to
to th Its of H{® fi Ajello et al.[6,7]. . U :
pared to the results of H{® from Ajello et al.[6,7] a sum of three Gaussians, yielding an analytical form for the

etrue line shape. The form of the sum is

RELATIVE INTENSITY (arb. units)

KINETIC ENERGY FRAGMENTS (eV)

FWHM for the 20- and 100-eV line cores are expected to b

equal to the square root of the mass ratio. When compared (N—X\g)? (N—X\g)?

with the FWHM of the HL« line, the FWHM of DL« G=A1exr{—TZ—}+A2ex;{—?
should be reduced by a factor of 0.71. We previously mea- 71 72

sured the FWHM of HLa to be 46-4 mA. The present (N—Np)?

work obtains the FWHM of L« at 20 and 100 eV to be of +A38XL{ - ?} (5)
29.5+2 and 292 mA, respectively. The experimentally 73

measured ratios are 0.74 and 0.73 at 20 and 100 eV, whiqrh Eqg. (5), \ is the wavelength position in the line profile
are very close to the expected square root of the mass rafiga|ative to the line center positiony. The individual con-

The slight deviation is likely caused by a combination Ofstants,A and o, are given in Table I. The analytical repre-
effects: (1) the doublet fine-structure splitting®Ps;, and  gentation of the 20-eV line profiles for Do and HL « at 20
?Py») of D La and HLa, which is about 5 mA and affects v are shown in Figs.(@) and b). Note that the constants,
the measured FWHM of D« more than that of Ha and A, in Table | are negative for bothHind D,. The fit in Eq.

(2) the experimental uncertainty of 2 mA for each line pro- (5) was not designed to constrain the coefficients to positive

file. o S numbers. There is no physical significance attached to the
The kinetic-energy distributions of D@ and H(2p) individual coefficients.

fragments are compared in Figgaband 5b) at 20 and 100
eV, respectively. The kinetic-energy distributions are similar
to each other in Fig. ®) for the 20-eV distributions with a
peak value near 100 meV. The fast distributions also agree
with each other within the 1-eV uncertainty. The peak in the The cross sections of the fast and slow Ppj2alissocia-
H(2p) distribution occurs at 4.7 eV, while that in the O tion processes can be studied individually at high resolution.
distribution is located at 5.8 eV. We have previously pub-By placing the bandpass at line center, we obtained the ex-

EMISSION CROSS SECTIONS FOR D (L @) SLOW
AND FAST COMPONENTS
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Tor © T 3 T i The bandpass of the spectrometer is 24 mA. The modified Born
A & 206V DATA 4 approximation is also plotted and the constants are given in Table
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whereE is the excitation energy and is excitation energy
expressed in units of the threshold energyand C, (k
0 banancady

T T R R T =0-5,7) are the parameters to be determined.
WAVELENGTH (mA) The excitation function in the present study was measured
by recording the photoemission intensity as a function of the
FIG. 6. (a) Analytical model of the 20-eV electron-impact en- excitation energy. As only relative intensities can be mea-
ergy DLa true line profile from the results of the data analysis of sured accurately, the present experiment, in essence, deter-
Fig. 2. (b) Analytical model of the 20-eV electron-impact energy H mined the shapénot magnitudg of the excitation function.
L« true line profile from the results of data analysis of Ajedoal. In other words, the analysis of experimental data enables one
[6,7]. to determine only the value af, and relative values of,
(k=0-5) with respect t€,.
citation function of the slow D(@) atoms. The data and the A nonlinear least-squares computer program utilizing the
modified Born approximation model fit are shown in Fig. 7. Marquard-Levenberg algorithm is employed to fit the experi-
The absolute scale of the excitation function was establishemhental excitation function. Several rotational levels of D
by normalizing it to the fraction of the total emission crosswith slightly different excitation threshold energies are popu-
section value at 100 eV. The total emission cross section dated at 300 K. Excitations from th&=0—7 levels are con-
100 eV of 5.74 10" '8 cn? was determined with the relative sidered. The contribution of the excitation from edclevel
flow technique discussed in the Experiment section. It wass assumed to be proportional to the population ofXtevel.
pointed out in the previous sections that the slow componentyumerical values ofr andC, /C; (k=0-5) determined by
which arises from singly excited states, contributes abou& nonlinear least-squares fit of the experimental data are
69% to the total emission cross section. The product of thesksted in Table II.
two quantities yields a cross section of 3:980 '8 cn? for While the values ofC; and the cross section are usually
the slow component at 100-eV excitation energy. obtained by requiring Eq6) to yield the Born approxima-
The excitation function of the slow component is ana-tion at high excitation energy, the present study obtains the
lyzed with the modified Born approximation proposed byabsolute value for the slow Da emission by normalization
Shemanskyet al.[17,18. In brief, the excitation function of at 100-eV  cross section to a value of
the transitioni-j can be written as 3.96x10 8 cn?.

TABLE Il. Excitation function parameters for the slow component of electron-impact dissociation of D

C0/C7 C1/C7 C2/C7 C3/C7 C4/C7 CS/C7 o

5448796 —0.6799691 —4.020434 12.69231 —39.35099 —-0.4052745 0.5569421




56 KINETIC-ENERGY DISTRIBUTION OF D(2) ATOMS... 1935

: TABLE Ill. Dissociative emission cross section of,BD
TOTAL | Lyman-.

Excitation energy Slow componentFast component TotaF

% st esbp—Lepep+nre | (V) (10%cm?) (107 '%cn?) (10 % cn)
) +Dt +2e
F';a: L 0 Lt corer | 14.9 0.57 0.57
z dwings | 15.7 2.11 211
Q D Log) ling
o , 16.5 3.61 3.61
g ,,,,,,,,,,,,,,,,,,,,, 18.1 4.59 4.59
% 20 | mwena e . 20.4 4.92 4.92
1 25.1 4.30 0.82 5.12
T b 27.5 4.32 1.03 5.35
. | | | . ' . . " 30.6 4.35 1.05 5.40
0 100 200 300 400 35.3 4.37 1.07 5.44
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FIG. 8. Absolute cross section of the OfRtotal, slow, and fast ggg j’gi 14212 ggg
components from an excitation function measurement of the line ’ ’ ' ’
center(slow) and the total line. The bandpass of the spectrometer is 54.9 4.33 1.46 5.79
1.3 A for the total line measurement. The modified Born approxi- 60.0 4.32 1.73 6.05
mation constants are given in Table II. 65.0 4.30 1.79 6.09
70.0 4.28 1.80 6.08
Once the functional form of the emission cross section of 75.2 4.24 185 6.09
the slow component is determined, the emission cross sec-  80.0 4.19 1.92 6.11
tion of the fast component can be obtained by subtracting 85.0 4.15 1.91 6.06
that of the slow component from the total cross section. Fig- 90.0 4.08 1.79 5.87
ure 8 shows the excitation functions for the total, slow, and 95.0 4.03 1.81 5.84
fast components over the energy range 10—400 eV. Table 1lI 100 3.96 1.76 5.72
gives the numerical cross sections for the slow and fast com- 110 3.82 1.66 5.48
ponents as well as the total cross section. 120 3.70 1.68 5.38
The excitation function of the slow componefihe 130 3.57 1.59 5.16
middle curve rises sharply in the threshold region, and 140 3.45 1.49 4.94
reaches a plateau in the 20-60-eV regions, and then de- 1gg 3.33 1.42 4.75
creases slowly as the impact energy increases. The threshold 169 322 1.40 4.63
for the slow processes is at 140.5eV. As th(_a energy 170 3.12 1.39 451
reaches 16.7 eV, cascading fromlx also contributes to 180 3.02 1.37 4.39
the central peak line profile. 190 293 1.30 423
In contrast to the slow component of Fig. 8, the lower 200 584 118 4.02
trace (i.e., the fast componentrises very slowly in the ' ' '
threshold energy region. Furthermore, while the slow com- 220 2.69 1.04 3.73
240 2.55 0.98 3.53
ponent curve peaks at about 22—-30 eV, the fast component 260 243 0.96 2.40
does not reach a maximum until 70—80 eV. The slow rising ' ' '
of the lower trace in the threshold region indicates that the 280 2.32 0.87 3.19
fast component is actually a convolution of multiple excita- 300 2.22 0.80 3.03
tion channels with different threshold energies. Some of the 320 2.13 0.73 2.86
excitation channels are dipole-allowed excitations, others ap- 340 2.05 0.68 2.73
pear as(either dipole or spinforbidden excitations. Due to 360 1.97 0.63 2.61
the small FWHM of the line profile pedestal base from the D 380 191 0.59 2.50
atom fast-fragment distribution, it is difficult to obtain a 400 184 0.50 2.34

separate measurement of the fast component cross sectio
measurement we obtained previously fog bl placing the
spectrometer slit upon the wing of the Ha line profile
[6,7]. However, the shape of the fast component in Fig. 8The theoretical calculations by Gubern{d)] allowed us to
suggests that its major contributors are the atomic fragmenigentify where theQ, and Q, states cross the right-hand
produced from the repulsive doubly excited states, which aredge of the Franck-Condon region. We compare the theoret-
connected to the ground state o By a two-electron exci- ical thresholds from the calculations of Guberman to those
tation process. found in the measurement. In some cases more than one
For the fast processes there are three thresholds that cétreshold lies within the 0.5-eV measurement uncertainty.
be attributed to doubly excited states of, vhich have the Recently, we were able to detect &tates, doubly excited
lowest 23 and first excited?Il, states ofD," as core states of H, at the lowest dissociation threshold of 23.0 eV
orbitals. They are designat&@;, andQ,, respectively{10]. [6,7]. The same states would contribute to thedssociative

%ertain numbers do not add up due to round-off errors.
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excitation. According to Gubermdri0], the Q; [1E$(1)] Q, andQ, states available for the dissociation procgx3.
state is the responsible state. Foy, the next threshold at More Q states(which produce faster atoms th& state$
27.63 eV can arise from th@, [1Eg(2)] state(at 27.2 eV, are available fom=3 dissociation tham=2 dissociation.
Q; [3’1Hg(2)] states(at 27.4 and 27.5 eV and/or Q;  The kinetic energy distribution of the fast D§Rand D(2p)
[311,(2)] states(at 27.5 and 27.6 eM10]. Except for the atoms appear to be identical from 2 to 10 eV. This result was
narrowing of the Franck-Condon region the same thresholdslso found from a comparison of our H§P data to pub-

to within 0.2 eV should apply for p The selection rules for lished TOF H(2) results[6,7]. In addition, the consensus of
molecular dissociation do not allow any of thi transitions  the TOF results is that the D and H(2) distributions are
[27]. The final threshold, based on analogy with our recenidentical[1-4]. Although we note a difference of 1.1 eV in
H, results[6,7], correlates with a set 0Q, ('=4,"1,)  the fast-atom distribution peaks of DgP and H(2), the
states between 30 and 32 eV. Thus, many dissociation chagombined uncertainty of these distributions is nearly 2 eV.

nels contribute to the fast atom dissociation process. We can state that within the error bars of the slow and fast
distributions the two sets of distributions for H and D are the
CONCLUSIONS same for D atoms; and, moreover, the percentages of fast

Many new results are provided from thell line profile and slow atoms for each isotope are the same. Identical re-

measurement and the derived R(inetic-energy distribu- sult§ are expected for the two atomic isotopes, since the po-
tion. Our earlier results described the individual processelential curves are independent of the mass of the nuclei.
contributing to the H_« dissociation cross section, line pro- However, this matter should still be left open to discussion,
file, and fast and slow kinetic-energy distributicis7]. To ~ Pased on a similar discrepancy found by Higbal. [11].
begin with, the ratio of the slow and fast atom distributionsHigo et al. found the fast-atom peak of D(3)4to occur at
cross sections are nearly identical for the isotopes. The cro@! energy about 1 eV higher than the corresponding fast-
sections for D) are reduced with respect to,HThe details of ~atom peak for H(3,4.
the predissociation yield compared to the direct dissociation We also give analytical formulas for both the true line
yield for the slow atoms require accurate emission cross se@fofile and the slow atom cross section. Estimates of the total
tions for all the Rydberg states. The UV cross sections arand fast atom cross sections are given in Fig. 8. Excellent
not yet available for D, agreement was found among the various published experi-
A comparison to the high-resolution work of the Balmer ments as to the ratio of the (Da)/(H L) cross sections at
series by Higcet al.[11,12 gives information on the depen- 100 eV[8,14,15,23 The mean of four experiments, includ-
dence with the principal quantum number of the dissociationng the results here give 0.81.
processes. The Balmer and 3 lines have a fine structure  The line profile formulas were used as part of the calibra-
that prevents accurate studies of the central peak and an agon of the Cassini Spacecraft HDA@8]. The calibration of
curate e§t|mat|on of the _s!ow component distribution. Thene HDAC (equipped with an @filter) was accomplished by
doublet fine-structure splitting for R« is 5 mA compared an experiment to observe D and HL « line emission in a

to over 130 mA :‘pr Baln;llen (Da). The lcomparison of theh collision chamber configured with crossed beams of 20-eV
DL and HLa line profiles at 100-eV impact energy wit electrons and molecular hydrogen gas. Line profiles dis-

thuear?tﬁﬂﬁ[];%réfstrgggspgﬁqfes dfg rsci:igggnl_iln g‘;?osvr:ﬁép%éussed in this work were used to determine the optical depth
9 at line center as a function of cell filament power. These

2| atoms. In this program we are able to find from the true . ~ . : o -
line profile the ratio of the areas of the slow-fast componenFal'brat'on data provide for the transmission characteristics
integrated intensities as defined by Higbal.[11,12. The of the series arrange_ment_of the two cells—one cell gf D
ratio is found to be 0.74 for both the Da and HL « line and the other of | with a filament voltage of the cells that
profiles at 100 eV from Fig. @). The same ratios for in- determines the dissociation fraction. The measurement of the
creasing principal quantum number are 0(G70) for n=3, H/D ratio in astrophysical and solar system objects is an
0.18 (0.3 for n=4, and 0.08(0.24 for n=5 for D (H), important goal of astronomy, and the work presented here
respectively. We see that the slow component dominates fill help in the analysis of the Cassini HDAC data in 2004.
low principal quantum numbers and that the fast component

dominates for principal quantum numbers greater than or

equal ton=4 for both isotopes. The variation in the kinetic- ACKNOWLEDGMENTS
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