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ABSTRACT |

The rotational re]axat1on of n- H2, p—HZ, HD, and n- 02 in a free
jet expansion was studied by means‘of rotatlonally—resolved photo—
‘ electroh spectroscooy using a collimated supersonic molecular beam.
Rotational state distribdtions were determined from the relative
intensities of the Q branch rotational componehts foh a.wide range of
stagnationvpressures with nozz]e temperatures from 300K to>700K. Sig-
nificant dev1at1ons from a Bo]tzmann d1str1but10n were observed for
' those cases in wh1ch the degree of rotat1ona1 re]axat1on was substan-
tial. HD was found to relax after undergo1ng on]y one-tenth of the _
number of collisions required to relax H2 or DZ' The relaxat1on of
p--H2 was modeled using the state—to—stafe rate constants method of
Rabitz and Lam, wh1ch was conf1rmed to be qu1te effect1ve 1n account1ng

',for the exper1menta11y observed populat1on d1str1but10ns



I.. INTRODUCTION

A free jet éxpansion-constituteSva system,in,whichlthe internal
degrees of freédom of thé»mb]écules”dfe'initiaT]yﬁin contact with a

“rapidly cooling trahéia;ﬁonh]_bath; In the early (collisional) part

- of the expaﬁs{Bn,the inté}nalﬂmodgsvcan relax by transferring energy

info'translation until the cd]]isioﬁé'betome very infrequent, and:

* communication with the<b§£h-f§ lost. ‘The details of this relaxation
process can be e]ucidﬁféd:by measﬁ?iﬁg:%he rotational and vibratiqnal
state distributions o? the”hoiecu]es in the beam as functions of the
stagnation condﬁtions.'-Such experiments have been‘performedvfbr;é
nUmbér ofzmoleCUTar systems'using.a Qariety of‘spectroéébpfc tech-

_ niqdééil We have recent]y'SuccéEded in'dbtaining rotéfﬁénaiiy;
fééOTved phbtoéiettron spectra‘from supersonic. beams of hydr:ogen,2
and'fhé presenf investigafion }s an'extensioﬁ bf this technﬁdue to the

"study of rotational relaxation in supersonic expansions of this simple

“and important mélecule.' | — | | |
| ’ Hyd;ogen is.fn several respects an unusua]isyétem; The Qery large

/fotétiohai energy ébacihgs allow only a few levels to be thermally

populated at room temperature. Vibrational excitation is negligible

‘fof Hé"beléQ'iObOK. The large rotational energy gaps}ahd‘the small
anisdtropy of fhe interaction potential make the R-T enérgy transfek
inéfficient‘compared fo heavier moiécu]es. 'in addition the'isbtopic
speéies of mo1ecu1ar'hydf699n should exhibit substahtia]1y different
re]éxation behaviors because of the variations in the spacings of the

rotational energy levels and in the anisotropy of the potential.



Finally, for H2 and 02 the lack of conversion between the ortho and
para forms will lead to large deviations from a Boltzmann distribution
of rotational states for high Mach number expansions.

There have been several previous experimental investigations of
rotational relaxation in beams of hydrogen. -Gallagher and Fenn3
measured time-of-flight velocity distributidns for n-H2 at stagnation
temperatures from 300K to 1900K and used the energy balance criterion

to derive rotational temperatures and collision numbers. They found

that the rotational collision number increases from 300 to 500 over

this temperature range. Buck et a1.4 performed time—of—flight measure-

ments on HD, n—Dz, and o—DZﬂwith stagnation temperatures of.300K or
below and, like Gallagher and Fenn, assumed a Boltzmann rotational
distribution to derive the §tate populations for D2. Verberne, et a1.5
used molecular beam magnetic resonance to measure_the populations of
n-H2 with stagnation temperatures from 300K to 1000K and found that
the distribution could not be characterized by a unique rotational
temperature. Godfried, et a1.6 used Raman scattering to measure the
number density and populations in free jets of n—H2 and n-02 with

a stagnation temperafure of 293K. They compared their results with
the predictions of a model whichAtreats fhe time evolution of the |
state popu]afions and uses a single rotational collision number. They
also reported an axial dénsity profile for n—H2 which corresponds to
that expected for a monatomic (Cp/Cv = 1.67) expansion. Huber—Wﬁ]chli
and Nibe]er? measured CARS spectra of n-H2 and n-02 in free jets with

a 300K staghation temperature. They analyzed their data in terms of



the rotational temperature which served as an input parameter in their
CARS spectral simulation.
The minimum number density required for Raman or CARS experiments

3, so that it is necessary to use

on hydrogen is approximately 1016 cm
an unskimmed free jet. The preSeﬁt measurements employ a collimated
molecular beam which more t]ose]y approximates the experimental
arrangement common to crossed beam scattering studies. The number
density ranges from about 1011 to 1013 cm'3. We report level popula-
tions for fully expanded jets of n—H2 and n--D2 over a wider range of
stagnation conditions than have been reported previously, and we also
extend the population measurements to p—Hz and HD for the first time.
We observe departures from a Boltzmann distribution for strong expan-
sions. The results for p—H2 are analyzed in terms of the theoretical

8

framework of Rabitz and Lam,”~ which uses a set of state-to-state rate

constants and combines the master kinetic equations with the equations
of fluid mechanics. |
Experimental parameters are described in Section II, and results
are given and discussed in Section III. The rotational relaxation of

p-H2 is modeled in Section IV, using the theory of Rabitz and Lam.



1. EXPERIMENTAL

The photoelectron spectrometer used in this WOrk was described in

9

detail in an earlier publication.” The electron energy analyzer was

a double e]ectrostétic deflector with multichannel detection and was
bperéted af a resolutioﬁ of 11 meV FWHM (for Ar) with Hela (5844,
21.217 eV) light. Photoelectrons were sampled at an angle of 90" with
respect to the photon beam. Two Beam source configurations weré
used: (1) a 70-uym-diam nozzle located 6.4 mm from the tip of a
0.66-mm-diam X 6.4-mm-tall conical §kimmer, and (2) a 40-um-diam
nozzle located 9.6 mm from the tip of a 0.66-mm-diam X 12.7-mm-tall
conical skimmer. Tﬁe photon beam crossed the mo]ecudér beam at 32 mm
downstream from the nozzle in configuration (1) and at 41 mm down-
stream from the nozz]e in configuration (2). The nozzles were made
from molybdenum electron microscope apertures (Ted Pella Inc.), and
“were of the converging type. : The pressure in the beam source exhaust

chamber was typically less than 5x10’4

torr, and in the main chamber
the pressure was less than 2x10'5 torr. The nozzle could be heated

to a maximum of 700K with a coil of ndn—inductive]y-wound two-wire
Semflex heater cab]e‘(Semco Inc;). Some care was nece§séry when run-
ning at high temperature, because the electron kinetic energy offset
drifted rapidly as surfaces near the ionization region warmed up. For
this reason_thé scan time was usué]ly restricted to 30 minutes or less
when running with the heated nozzle. The samples and other experi-
mental details were the same as we used in our previous work on'hydro-

;gen.z High temperature scans were not feasible for HD because the



sample converted to a mixture of HD, H2, and 02 when the;npzz1e'was,
heatgd._ $imi1dr1y,'we;didinot attempt .to run p+H2 aboVe rgom tem-
perature,-beca@se.the conversi§n~t6ﬂneH2vwas expected to -be rapid.

The evfdent_djsgpciation;of~hydﬁqgen Behind the high temperature noz-
zle should not_affect,the,bnthp;para ratio in-the‘rotationé]]y-re]axed
n-szand;nsz‘beams,-becaUse the.refaxation is,confined.primarily,to
the regjon,doﬁnstreém ofithe,nozzle.tﬁnoatzwﬁere the molecules are no

wionger_co]]jding.withithe heated,mgtalisurfaces.‘



II11. RESULTS AND DISCUSSION

Rota;ional populations were determined from the relative intensi-
ties of the Q branch (aJ=0) components for a selected vibrational
state of the molecular ion.. The Q branch can be more fully resolved
for the higher v-states, until the point at which the adjacent vibra-
tional transitions begin to over]ap.: The optimal v-states for this
experiment were H2+(v'=5), HD+(v'=7), and 02+(v'=8).: The areas of |

the.rotational components were calculated by least-squares. fitting of

~ . the spectra using an empirically derived lineshape function which we

have described previous]y.2 Standard deviations of the peak inten-
~isities from the 1eastésquares fits were generally in the range of 1-3%
of the area of a given rotational component, a]thoughvfor those cases
where the population of the state was less than 1%, the standard devi-
ation was about 10-20% of the area. The S branch (aJ=*2) was also
included in the fit. It contributed about 4% of the total area for

H2 and about 2% for HD andvDZ. To convert the photoelectron intensi-
ties measured at the presentv90°'angu1ar geometry to rotational popula-
tions it is necessary to consider thé rotational depehdencé of the
cross section, T3 and the photoelectron asymmetry parameter, Bye

The obéérved intensity of a given Q branch transition is proportional
to the product of the rotational level population and the. factor

cJ(l * BJ/4). Itikawa10

has given theoretical values of o; and 8, at
A=584A for H2+(v‘;5) which indicate that the corrections necessary for
obtaining the rotational'populatioq from the photoelectron intensities

measured at 90° are less than 1-2% of the intensity of each rotational
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component. An approximate experimental verification of Itikawa's cross

sections has been. reported by Morioka, et al;L1~“In~order-to-judge

f

whether a tdrrectionwﬂaswarrantedafof the~pfesentfdaté,*we - com-
pared. our measured-intehsities at'éQ?K and?25.tokr~sfagnation'cohdi—
- tions (70 um nozzle) with”the populations deriVed froh a Boltzmann
distribution; asSuming-a'3:1Aorfho;para“rati6€for'n—HZ and 2:1 .
ortthpargvratio.for n;DZ.;RFor-n—Hé,,p;Hz,'and n~02 the resu]ts_

" agreed with*a.Boltzhann distribution to within-the statistical un- -
_:certafntyMOf'the data,‘althOhgh foraHD=a systematic deviation was. noted
because the rotational distribution-had relaxed to some extent even at
-1 25 torrfbacking-pressure:' Thus we applied no correction for the

- rotational dependence of 6Jaandjsd and ~ - used the Q branch intensi-
ties directly to determine the pbpuiations.' ‘ '

" Figh 1 shbws a series of spectra which are typical of the data
obtajhed in this experiment. aTheszf(VieSJ ;ransitﬁon'fme n-H, at
" 696K is 'shown for several stagnation pressUres for which thé rotational
relaxation»iS“barticu]ar]y dramatic.

| ‘Table I 1ists the rotational energies and degeneracies which were -

- used “in the“analysis of the rotational population data.

A. n—H2 and n—"D2

The rotational populations measured for n-Hz'and n—02 expanded from
297K through the 70 um nozzle are shown in Fig. 2 as functions of pd,
the product of:the stagnation pressure (p) and the nozzle diameter

(d).. At the Towest observed pd there is only a slight relaxation of



the rotational energy, and the populations are very close to thosé
expected for a Bo]timann distribution at 297K. As pd is increased the
levels relax, but the populations cannot gehera]ly be described by a
unique Boltzmann temperature. This iS demonstrated in Fig. 3, which
shows the measured 1n(nJ/gJ) VS. EJ at two nozzle temperatures for n-H2
and n-DZ. These plots would be linear if there were a unique
rotatioha] temperature, but in fact a positive.curVature is observed
in each case. The R-T energy transfer is therefore less efficient for
~ the higher rotational levels, whichﬂis in accord with the fact that
‘the energy gaps are higher for these states. Another way of
visualizing the non-Boltzmann nature of the popu]étion distributions
is to use the two-level temperatu}e relative to the J=0 level, TJO’

which is defined by

nJ/n0v= (gJ/gO).eXb (—EJ/kTJO) | \ - (1)

TJO is shown in Fig. 4 for the same data sets that were presehted as
Boltzmann-type plots in Fig. 3, and it is apparent that TJO
increases appreciably with increasing J. .

“The average rotational energy is given by E = 2: ndEJ. We wish to
correlate this quantity with a parameter that inc]jdes the effects of
the three variables investigated in this wdrk -- the stagnation pres-
sure, temperature, and nozzle diameter. The inverse Knudsen number,

(Kno)"l, is an appropriate scaling parameter for this purpose. (Kno)'1
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is the ratio of the nozzle diameter, d, to the mean free path, AO. It

.is given by

(Kno)'1

din, = V2 x a2 pdkT

36800 x p(torr) x d(cm)'/ T(K) | ' f (2)

where a-= 2.93A is the gas kinetic collision ddametér (from G&]]agher
and Fenn3).- (Kno)'l'is‘very roughly the number of collisions that a
molecule undergoes in the expansion. Figs. 5 and 6 show the results of
plotting the fraction of retained rotational energy, (E - EO)/(ET - EO),
against. the inverse Knudsen. number for n-H2 and n-DZ. ET and EO are
the rotational energy at the stagnation. temperature and at zero K,
respectively (assuming no ortho-para convgrsion). These plots are seen
to be fairly successful in correlating the final rotational energy with
the stagnation conditions, although some systematic deviations are
noted. With the exception of the results for n-éH2 at 297K the data
points corresponding to the 70 um nozzle have higher rotational ener-
gies than those for the 40 um nozzle at the same~(Kno)'1. A likely
source of this difference is the skimmer interference, which we expect
to be less important for the configuration used with the 40 um nozzle
(described in Section II). Using (Kno)'1 as the scaling parameter does

not take into account the variation of the rotational collision. number

with temperature. The data for n-H, in the high (Kno)'1 region are

3

consistent with the observation of Gallagher and Fenn” that the rota-

tional collision number increases slightly over our temperature range.
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The data for h-Dz do not exemplify this trend however.: A difficulty

which applies only to D2 is:that the rotational levels above J=6 are

not observed, because they overlap with the next vibrational state.

- Although these levels contribute only about 4% of the total intensity
even at 694K, the fraction of the rotational energy residing in these
states is about 0.5% at 297K, 5% at 475K, and 15% at 694K.

Before leaving n—H2 and'n--D2 we list in‘Table I some exampTes of
rotational population distributions for high Mach number éXpansiohs.
Iq_general we observed‘that thé intensity of the beam was reduced and
the_rotationa] energy of the beam was increased for-pressures.higher
than those listed, due to collisions with the backgroUnd'Qas molecules
in the region between the nozzle .and the skimmer. It will be noted
that the ortho-para ratios exhibit some variation around the expected

values of 3:1 for,H2 and 2:1 for D This is attributed to error

2.
arising from the deconvolution of -the J=0-and J=l transitions which
are not resolved in the spectra. We generally obtained the correct
ortho-para ratio for the less fully relaxed cases where the intenéity

is spread out over several well-resolved transitions.

B. HD

The rotational populations of HD as a function of pd are shown in
Fig. 7 for the case of the 70 um nozzle at 297K. The populations mea-
sured at the lowest pd in Fig. 7 have relaxed somewhat from the initial
thermal distribution, even though-H2 and 02 do not show any relaxation

under these conditions. The departure from a Boltzmann distribution
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1s‘also‘m§re pronounced for HD, as is.seen in Fig. 8 which shows
']n(nj/gJ)'VS;VEJ~at séveral stagnationjpre§suresi“'we again .

observe pOSitive'curVaturé in theseuplots,-shdwing;that the relaxation
is least éffecti?e for the highest rotational levels. “Fig: -9 shows.
the rotational -energy as‘a function” of oKnb)fl,aCOmparingathewresu]ts

for HD and:p-H; These molecules are alike.in.the sense that both

e
would: have airotational energy of.zero at zero'K, §o ihat there.are no
cbmpijcationéuﬁrom an,"orthoépa?aﬂ'effect;.‘The~major:differehce,be—
itween them jsfthét the fotational“constant'ﬁé effectively four timeé
1argefifor'p;Hé'thah for'HD. The~resultfdf’this;differencé‘inrenergy

&;gaps_is ref]écted*in‘Figﬁ-9,gwhich Sths that-td‘remoVe;ha1f~of‘the
rotatﬁbnallenergy fen times anmahy collisions are needed\fOr p—H2 '
“as for-HD. The relaxation of HD is also facilitated-by the fact that
'it"rotatesiabdut*a~cénter o%wmass3Which is disp]aCed'fEOm the geo-:
metrical. center.of the molecules This-hdditiqna]:anjsotropy in the.
interaction~potentia1 for HD 1eads t0aa.]argerfrotationa1 relaxation

~cross section: than is found for the homonuclear species.
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IV. MODELING THE RELAXATION OF p-H,
Rabitz and Lanp have given a theoretical method for simulating

the rotational relaxation of hydrogén in a free jet expansion, which

we have applied to p--H2 to gain a better understanding of the present
observations. This model starts with the theoretical rotational energy
transfer cross sections of Zarur and Rab‘itz,"l2 which were calculated
using an. effective potehtial,forhalism._ State—to-state‘energy transfer
rate COnstants.are determined fof a given translational temperature by
integrating the energy dependence of the cross section over a Méxwe]]f
Boltzmann velocity distribution. The rate constants are used in the
master equations of kinetics, which are cdupled to fhe fluid mechanical
equatfons appropriate to a one-dimensional uniform f]ow under steady-
state conditions (Ref. 8, Eq. 25). The unkndwns'in this set of first
order differentia]lequations are: Pi(x), the population of’state is
‘T(x), the translational temperature; v(x), the flow velocity; p(x),

the local pressure; A(x), the cross sectional area éf the flow; and
o(x), the number dehsity. Here x is the distance along the flow from
the orifice. Following Rabifz and Lam we have assumed the -
Ashkenas-Sherman13 formuia (with either‘tho or fhree termS) for the
Mach number at x greater than x*, and an exponential form at x less
than x* (Ref. 8, Eqs. 37,38). The»barameter X* is typica]ly chosen to
be équé] to one nozzle diameter. The number denéit}lﬁ(x) caﬁ be cal-

culated from the isehtropié equation relating it to the Mach number,

p(x) = oy (1 + (1/2)(y- 1) M(x)?) ﬁ/‘l ) Y? - q 3
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where p - is the stagnat1on number dens1ty,_Mﬁt) ls the Mach number,

0
and Yv=,Cp/CV. To fac111tatevaxnumer1calaso]utnqn, €q.. 25 of
“Ref.. 8 was manipulated.into the following .. set of

differentiej equations,: .

®i o TX
dx - v i);l m>g

CERT H 1idey "1 SRR 1 Wit T SY-
3..?=3T(337.',W % 1257') e W

i .
é’——l—(%—kgliéjf—) (4c)
B sn » a

where~G(ij2m)vis a-symmetry factor (defined jn;Refg“S); ei;js/the

rotational energy of state i, m_-is the»mass,ongz,nqnqu(ijgm;T)Eis

0
the rate constant for .the process,- .
Hz(i)-fﬁHz(j)fs“Hé(QJ’t'H?(m).ﬂc Ll = R T T I (5)

[

»The rate constants must be reca]culated for‘the new T(‘) at, eech step
in the 1ntegrat1on. we used a cub1c 1east-squares f1t to each of the
*cross sect1ons, a(13£m E) VS, E in Table V of Ref 12 (corrected as
per Note 10 of Ref. 8), SO that the necessary integrals over the

ve10c1ty d1str1but1on could be evaluated ana]yt1ca]]y.l It shou]d-be

N
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noted that only the low kinetic energy region is of importance when
calculating k(ijem;T) for T less than 300K. Hence the least-squares
fit included'dnly the values of the cross section with kinetic ener-
gies less than 0.3 eV. “Eqs. (4) were integrated with a fourth-order
Runge-Kutta routine for -4 < (x/d) < +4, for a range of initial values
which included the starting conditidn§ used in the present measure-
ments.. These ca]culafidhs'inc1udedAthe"rotationaT levels of_'p.‘.H2
with J=0, 2, and 4. | | “ |

" Fig. 10 shows the rotational popU]étiohs:of p-H, measured with the
70 wm nozzle at 297K, together with the calculated curve. In Fig. 9
the calculated curve for the rotational energj-as a fpnctidn of (Kno)'1

" appears with the experimental points for p-H,. ,The’compakison between
thedry and experiment is somewhat c]oudéd‘by the uncertainty in the
assumed form Of’p(X) in Eq. 3. The adjustable parameters at our dis-
‘posal are y, x*, and the number of terms in the Ashkenas-Sherman form-
ula (either two or three). The heat capacity ratio appropfiate to this
problem is likely to lie somewhere between fhe mohatomiC‘(y’= 1.67) and
the diatomic ({ = 1.40) va]ues.‘ The number density measurements of
Godfried, et a1.® for pd = 300 torr—mm suggest that the monatomic value
is’the correct one for n-Hé at x/d > 1. It will be seen be]bw that the
rotational relaxation ié’eééentiallyvconfined to the kégion where

x/d < 1.5;v§b that the observation of a monatomic-1ike nUmber density
profile at larger x/d is not too surprising. The Ashkenas-Sherman formu-

la gives a poor descfiptiOn of the Mach'numberiat'small x/d where all the

relaxation takes p1acé. ' Therefore the choice of x*,'which-is the point
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where the exponential extrapolation to small x begins, is expected to
Ihave an appreciable effect on the results. Because of the imporLance of
the small x/d regien, it seems advfsab]e to use the three term formula
for M(x) (which is valid down to x/d = 1.0, according to Ref. 13) rather
thanvthe two-term fermula which was adopted by Rabitz and Lam. The cal-
culated curves in Figs.t9'and 10 Were generated’by using y = 1.40 and.
x*/d = 0.8 with the three-term formula for M(x). The rotational energy
curve iﬁ Fig. 9 shifts dowhward for'1arger values of vy or x*, yielding
poorer agreement with experiment. The curve shifts upward if the two-
term formula ﬁs used,,yie]ding somewhat better agreement with experi-
ment. The model of Rabitz and Lam is thus confirmed to be a fairly
‘realistic one, but the remaining uncertainty aboUt’p(x) seems to_prec]ude
a more definitive test of the correctness of the rotational energy trans-
fer cross sections. | |

A very valuable aspectvof this model is the detailed picture that it
gives of the dynamics of the free jet expansion. As an example of
this we show in Fig. llvthe populations Po(x), Pz(x), and P4(x), and
the valqes_Of o(x), T(x), v(x), vﬁf?j} and p(x) calculated for a stag-
nation pressure-df 1600 torr. It ean be seen that the rotational
pbpulations have approached their asymptotic values for x/d = 1.5, at
which point the temperature is about 65K and the Mach'numbervis about
3. The temperature actually continues to cool untillmuch further
downstream, and the Mach number reaches a terminal value estimated to
be between 10 and 20 (cf. Ref. 4). Rotational relaxation ceases forr

x/d greater than 1.5 primariiy because the energy transfer rate
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constants have dropped by several orders of magnitude from their room
temperature values (see Ref. 8, Fig. 1). In this model the tempera-
ture profi]e, T(x), is nearly independent of the stagnafion pressure.
Thus‘the effect of increasing the pressure is simply to increase the
number of collisions that occuerefore‘the temperature is too low for
R-T energy transfer. This point is reached at x/d = 1.5 for all stag-
nation pressures,

We have shown that-thé theoretica] appfoach'of-Rabitz and Lam can
give a rather good account of the rotatibna] relaxation in a free jet
of p;Hz. It would be of interest to apply this method to HD if the
necessary cross sections become available, to see how well the model
predicts the much more facile re]axation»thét we have observed for
this system. |

Finally we note that the state-specific detection of molecular
'hydrogen has recently been achieved.by Marinero; Rettner, and Zare14
using'a three-photon ionization technique. This method could in prin-
ciple be extended to samples with number densities as low as 108 cm"3

and could provide 'a very sensitive mearis for studying the rotational

~relaxation in a supersonic expansion of hydrogen:
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Table I.

Rotational energﬁes (in cml) and degeneracies for the v=0 level in ‘the ground

electronic state of n-Hp, HD, and n-Dp.

n-H, HD n-D
! Ey 9 3| % £y 9
0 0. 1 0. 1 0. 6
1 118.49 9. 89.24 3 59.77 9
2 354.37 5 267.09 5 179.04 30
3 705.51 21 1532.36 7 357.26 21
4 1168.76 9 883.26 9 593.63 54 -
5 1740.09 33 1317.48 1 887. 05 33
6 2414.74 13 1832.28 13 1236.18

78

il

Energies are derived from the rotational constants of K P. Huber and G. Herzberg, Constants of ¢

Diatomic Mo]ecu]es Van Nostrand Reinhold, New York (1979).

*

0¢



Table I1. Rotational population distributions in some high Mach number expansions of
n-Hp and n-Dp. : '

p(torr)  d(wm) T(K) = J=0 3-1 J=2 J=3 J=4 J=5 J=6
H) o
© 1830 - 70 297  19.5 70.8 6.8 2.8 0.1
2350 70 480 . 14.2  59.0  12.3  12.8 . 0.8 0.9
11100 40 297 212 751 2.9 0.8 :
19000 40 492 19.4 696 7.3 3.7 |
3000 40 6%  23.0  £3.0 87 5.3
o, - ] - o
1830 70 297 . 33.2 285 3.0 4.5 2.5 0.3 |
1420 70 475 | 18.6  19.9 346  12.0 112 1.9 1.8
8600 40 297 462 3.8 19.8 1.3 0.9. o
24000 40 505 1.5 317 23.7 1.8 'f 1.2 0.1

40000 40 694 - -34.3 31.8 28.2 3.6 2.0 O.li

12
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.
Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

The v'=5 transition from n—Hz'expanded through a 40um
nqzz]e at 696K for several stagnation pressures. The
transitions are labeled with the Q branch rotational quantum
numbers. | _ :

RotationaT populations of n—H2 and n-D2 expanded thﬁough

a 70um nozzle at 297K.

Plot of 1n(nJ/gJ) versus EJ_forvn—Hz aha'n-DZ

expanded through a 70um nozzle at 1830 torr. -

~ Two-level temperatures (relative to J=0) for h—H2 and

n-D2 expanded through a 70um nozzle at 1830 torr.
Fraction of retained rotational energy vs. inverse Knudsen
number for n-H, with the nozzle diameters and stagnation

temperatures indicated. ET is the initial energy, and

'EO is the energy at zero K for a 3:1 ortho-para ratio

(88.87 cml).

Fraction of retained rotational energy vs. inverse Knudsen

number for n-D, with the nozzle diameters and stagnation
temperaturés indicated. ET 1$«the'1n{tia1 energy, and

Eo is the energy ét zefo K for a 2:1 oftho—para ratio
(19.92 eml).

Rotational populations of HD expanded through a 70um nozzle
at 297, . | |

Plot of ]n(nJ/gJ) versus EJ for HD expanded through a

70um nozzle at several stagnation pressures. The lines are



Fig. 9.

Fig. 10.

Fig. 11.
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weighted least-squares fits to the data. They correspond to
rotational temperatures of 273K, 210K, 145K, and 99K, for
25, 100, 400, and 1830 torr, respectively.

Fraction of retained rotational energy vs. inverse Knudsen
number for p—H2 and HD withwa 70um nozzle at 297K. The
curve is the result of the calculation which is explained in
the text. |

Rotational populations for the J=0, 2, and 4 levels of

p—H2 expanded through a 70um nozzle at 297K. The curves

are the resﬁ]ts of the calculation which is eXp]ained in the

text.

‘Model calculation of the p—H2 expansion with a 70um nozzle

at 297K and 1600 torr stagnation pressure. x/d is the

distance in nozz]e diameters along the centerline from the
orifice. The upper graph shows tHe populations of the J=0,
2, and 4 rotational states. The lower graph shows the
number density p,_the translational, temperature T, the flow
velocity v,bthe square-root of the cross sectional area vA,

and the local pressure p, all norma]ized to fit on the same

-scale. This calculation uses the.three-term Ashkenas-Sherman

formula for the Mach number and assumes y = 1.40 and x*/d =

0.8.
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Figure 5
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