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Reaction of magnetically state selected NO with 0 3: Effect 
of fs states and rotational states on reactivity 

Scott L. Anderson,a) Philip R. Brooks, James O. Fite, and On Van Nguyen 

Rice Quantum Institute and Department of Chemistry. Rice University, Houston, Texas 77001 
(Received 28 January 1980; accepted 27 February 1980) 

The visible chemiluminescent channel of the NO + Or-+N02 + O2 reaction is studied to detennine the 
effect of the NO fs states efll/2 and 2fl3/2)on reactivity. Chemiluminescence is observed from an ozone
filled scattering cell through which a NO beam passes. Molecules in both the upper and lower fs states 
are present in the beam, and the intensity of molecules in the upper state can be enhanced by magnetic 
focusing. Although the beam intensity is observed to increase upon focusing, the increase in 
chemiluminescence is much smaller showing that the upper state is not solely responsible for 
chemiluminescence. However, the magnetically selected molecules are rotationally cooler than the 
unselected molecules, and a reasonable interpretation of the small increase in chemiluminescence is that 
for the chemiluminescent channel both fs states are equally reactive, but that the reactive cross section 
increases rapidly with rotational state. 

I. INTRODUCTION 

Both the influence of electronic state of reagents on 
reaction path and rate and the formation of molecules in 
electronically excited states by chemical reaction are of 
great current interest1•2 from intrinsic as well as prac
tical pOints of view. Intrinsically, the consumption and 
disposal of all forms of energy in chemical reactions are 
sensitive probes of the reaction dynamics. 3 Practically, 
a knowledge of the reactivity of different reagent states 
might allow unprecedented control of reactions by irra
diating with lasers, and knowledge of the conditions un
der which electronically excited species are formed 
would greatly assist in the development of visible chemi
cal lasers. 

Most chemical reactions involve ground electronic 
state reagents and products because electronic energies 
are usually large in comparison to thermal and chemical 
energies. An electronically excited state is typically a 
major perturbation on the system4 and, for example, an 
electronically excited reagent could be responsible for a 
strongly endoergic reaction being converted into a 
strongly exoergic reaction. As a consequence, any sub
tle differences between reactivity of different states 
would be lost in the large differences between endoergic 
or exoergic reaction. 

In order to assess the differences between electronic 
states without large concomitant energy effects we have 
studied the chemiluminescent channel of the reaction NO 
+ 0 3 - NO~ + O2 to see how the fine -structure (fs) states 
of NO affect the reactivity. Here the reaction is 16800 
cm-t (48 kcal/mole) exoergic, 5 whereas the fs states 
(2n1l2 and 2n3l2) are separated by only 121 cm- t • Despite 
this small difference in energy, Redpath et al, 6 have 
suggested that NO~ is formed mainly from the upper fs 
state, 2n3l2 , and that NO~ is mainly formed from the 
lower, 2II1I2 , state, where NO: denotes N02 in the 2Bl 

or 2 B2 excited electronic state and NO; denotes vibra
tionally excited N02 in the ground 2Al state. 7 On ener-

alpresent address: Materials and Molecular Research Divi
sion, Lawrence Berkeley Laboratory, University of Califor
nia, Berkeley, CA 94720. 

getic grounds, of course, one might expect the two fs 
components to react Similarly so the formation of the 
chemiluminescent product would not depend on fs state. 
Suggesting that the product channel can be almost ex
clusively determined by the fs state of NO implies that 
incredibly restrictive (and interesting) conditions must 
be satisfied to initiate reaction and has prompted this 
study. 

II. EXPERIMENTAL 

The apparatus consists of three differentially pumped 
chambers and is shown schematically in Fig. 1. Rele
vant dimensions are given in Table I. In brief, the NO 
beam is directed along the axis of an inhomogeneous 
magnetic field and then passes through a scattering cell 

2 LJ 3 

sc IG 

FIG. 1. Schematic diagram of apparatus. Seeded beam ex
pands from nozzle (N) in chamber 1 and after collimation (e) 
in buffer chamber 2 passes through the inhomogeneous magnet 
(M) in chamber 3. In the absence of a magnetic field a small 
portion of the beam (shown cross-hatched) passes through the 
scattering cell (SC) and into an ionization gauge detector (IG). 
Chemiluminescence is observed with the photomultiplier (P). 
When the magnet is energized the beam originally passing through 
the SC is essentially undisturbed, but fl = ~ molecules (shown 
dotted) are focused into the SC. Defocused molecules do not enter 
the SC and are not shown. (Deflections are greatly exaggerated. ) 
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TABLE I. Apparatus dimensions (mm). 

Distance Diameters 

1o Nozzle-skimmer 19 Nozzle 0.25 
11 Nozzle-collimator 180 Skimmer 1.0 
l2 Nozzle-magnet exit 460 Collimator 2.5 
l3 Nozzle-SC entrance 524 Magnet gap 3.2 

SC entrance 3.2 
SC exit 5.1 

containing ozone. Molecules in the upper electronic 
state, 2II3f2, are focused when the magnet is energized 
and the flux of molecules in the upper state which enter 
the scattering cell (SC) increases. Molecules in the 
lower, 2II t/2 , state are essentially unaffected. Chemi
luminescence from the SC is monitored with a photo
multiplier, and reactivity of "normal" NO can be com
pared with "upper state enhanced" NO. 

Because the translational energy threshold6 for the 
reaction is 3.2 kcal/mole and the cross section in
creases drastically with energy, 6,8 the NO (Matheson, 
C. P.) is accelerated to an average collision energy9 of 
10.8 kcal/mole by seeding 4% NO in He at stagnation 
pressures 150-250 Torr. This expands from an oven at 
300°C (to increase the population in the upper state) and 
is skimmed in chamber 1. In chamber 2 the beam is 
modulated and further defined by a collimating orifice 
(C) which can be moved under vacuum to position the 
beam coaxially with the magnet in chamber 3. Typical 
pressures under operating conditions are 2 x 10-6 Torr 
and 6 x 10- 7 Torr in chambers 1 and 3, respectively. 
The central portion of this beam passes through a stain
less steel scattering cell containing ozone (prepared ac
cording to Clough and Thrush10

) at room temperature and 
at a pressure sufficient to attenuate the NO beam - 50% 
(- 5 x 10-4 Torr). The beam which passes through the 
SC is entirely intercepted by an ionization gauge and the 
intensity is monitored by synchronously detecting the ac 
component of the ion current. Spurious effects in the 
ionization gauge (IG) caused by stray axial magnetic 
fields (- 5 G) are eliminated by shielding the IG with two 
concentric steel tubes. 

The SC is a stainless steel cylinder closed on the 
bottom by a gold-coated spherical mirror and on the top 
by a glass lens which together direct light toward the 
RCA C31034 photomultiplier tube (PMT). Light could 
not be imaged because of the long radiative lifetime of 
NO;. The PMT is cooled to - 50 °C and is operated in 
the pulse-counting mode. The signal was the chopper
open-chopper-closed difference. The PMT is located 
23 cm from the axis and is observed not to be affected 
by stray fields from the magnet. 

The inhomogeneous magnet is constructedtt from six 
pole pieces 28 cm long symmetrically spaced about a 
circular gap 3 mm in diameter. Current and cooling 
water are carried by 3 mm copper tubing insulated with 
fiberglass sleeves wound around each pole piece so that 
adjacent pole tips have opposite polarity. This produces 
a magnetic field of 7 kG measured at the pole tips for a 
current of 67 A per pole. The field has a minimum on 

the axis and increases in magnitude as r2, which insures 
that molecules with a positive first-order Zeeman effect 
are focused. 

III. ZEEMAN EFFECT 

For low rotational states, NO is well described by 
Hund's case (a) coupling. 12 The spin angular momen
tum is coupled to the field along the internuclear axis 
and has component along the axis, L =!. The electron 
orbital angular momentum is also coupled to the axis 
with component !I. = 1. The total angular momentum 
along the axis is n = I L + !I. I and is t or ~. The angular 
momentum of rotation of the molecule, 0, adds vector
ially to n to form J, the total angular momentum exclu
sive of nuclear spin. 

A molecule in an inhomogeneous field experiences a 
force 13 F = - VW, where W = - jJ. • H is the energy of in
teraction between the molecule and the magnetic field. 
This is quite different for n = t and n = ~. In the n = t 
state, !I. and L are opposed, and since the g factor for 
the electron is 2, the spin magnetic moment essentially 
cancels the orbital magnetic moment and W~ 0, How
ever, for the n = ~ state these moments add, giving a 
magnetic moment comparable to the Bohr magneton. If 
this moment is averaged over rotation, 12 W = - 3 J.lMH/ 
[J(J + 1) J. Molecules with n = t are therefore undis
turbed by the field. Molecules with n = ~ can be de
flected, and in the magnetic six-pole field are deflected 
toward the axis and focused if M< O. They are defocused 
for M>O. 

Positive and negative M states are equally populated 
so the apparatus geometry is crucial to the separation 
of the two states. A beam defining aperature allows only 
the small central portion of the beam to enter the scat
tering cell. Only those molecules in this small central 
portion will be perceived as having been defocused, but 
molecules in a much larger solid angle (depending on 
field intensity and state) can focus, so the focused mole
cules can considerably outweigh those which defocus. 
When the magnet is off, both the n = t and n = ~ states 
will enter the SC. When the magnet is energized, the 
n = t flux is unaffected but the n = ~ flux is increased be
cause more molecules are focused than are defo/sed. 

For higher rotational states, the spin is no longer 
coupled to the axis, n is no longer a good quantum num
ber, and the angular momentum coupling is intermediate 
between Hund's cases (a) and (b). As a consequence, 
the Zeeman effect for the two states is a bit more com
plicated, although the essential aspects are quite well 
covered using the simple case (a) description given 
above. Fortunately, due to rotational cooling in the 
nozzle expansion, this decoupling is only a minor effect 
and is described in Appendix A. 

IV. RESULTS 

A. Magnetic focusing 

An increase in beam intensity is observed when the 
magnet is energized. This is shown in Fig. 2, where 
the fraction focused, M/]o"" (I" _]0)/]0 with]" and]o de
noting beam intensities with magnet on and magnet off, 
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...... 
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<J 

300 K 

100 300 

P (TORR) 
FIG. 2. Fractional change in NO beam intensity on energizing 
the focusing magnet as a function of stagnation pressure and 
nozzle temperature. Triangles denote measurements for pure 
NO beams; circles denote measurements for 4% NO seeded in 
helium. For pure NO, measurements were made at higher 
stagnation pressures than shown in figure. 

respectively. Pure NO shows a greater enhancement in 
beam intensity because the molecules are slower, spend 
more time in the field, and are, therefore, more easily 
deflected. Heating the oven increases the fraction fo
cused mainly because the focusing state, 2113/2' is more 
populated at higher temperatures. Collisional relaxa
tion of the 2113/2 state to the 211112 state is very facile, 
requiring some 15-70 collisions, 14 and this electronic 
cooling is responsible for the decrease in the fraction 
focused as the stagnation pressure is increased. Mo
lecular rotations also relax, of course, but the lower 
rotational states are easier to focus, and rotational 
cooling alone is calculated to slightly increase the fo
cused fraction. 

The helium-seeded NO beam is harder to focus be
cause the NO beam is accelerated by the helium to a 
speed roughly equal to that of the helium. 9 In addition, 
the monatomic helium acts as a refrigerant15 and quite 
effectively cools the internal degrees of freedom of NO. 
Using Anderson and Fenn's values for terminal Mach 
numbers, 16 we calcuiate a terminal temperature T T 

- 7 K for the NO in our experiments expanding from a 
573 K oven. Presumably Trot> T T and Te> Trot' where 
T rot and T. are the final rotational and electronic tem
peratures. These temperatures and the extent to which 
the final rotational state distribution may be character'
ized by one temperature are not known but, as mentioned 
in Sec. V, they play only a minor role in interpretation 
of the experiments. 

No focused signal is observed for either pure helium 
or pure argon beams. This means that t::..1 can be en-

tirely attributed to focused NO. The ionization gauge 
cannot distinguish between He and NO, however, so 1° 
includes a contribution from the helium beam. This con
tribution is observed17 to be small « 10%), presumably 
due to the hydrodynamic defocusing of the light carrier18 

and the low ionization cross section for He. 19 The values 
in Fig. 2, therefore, represent lower limits to the frac
tion of NO focused. 

B. Chemiluminescence 

Chemiluminescence (CL) is easily observed and typi
cal results are shown in Fig. 3. Total count rates are 
-100-300 sec-t, the dark rate is -10 sec-t, and a small 
(-20 sec-I) residual Signal is observed with the NO beam 
flag closed. As is evident in Fig. 3, energizing the 
magnet has little effect on the CL. Similar results were 
obtained at several different stagnation pressures in the 
range 150-250 Torr and at several different nozzle tem
peratures (300-573 K). No significant difference among 
these runs was evident. The most reliable data were 
accumulated at 250 Torr and 573 K, and averaging many 
runs similar to Fig. 3 yields a fractional increase in 
CL of t::..S/So=0.026±0.006 (99% confidence limit), where 
t::..S/So", (S" _Sol/So with S" and SO denoting signal with 
magnet on and magnet off, respectively. 

The goal of these experiments has been to compare 
the reactivities of the 2111/2 and 2113/2 states of NO for 
those channels of the reaction 

NO +03 - N02 +02 

which produce Noi emitting in the visible. A determina
tion of relative reactivities is sufficient for this purpose 
and obviates the need for determination of light collec
tion efficiency, for determining the sensitivity of the 
PMT as a function of wavelength, or for measuring ab
solute beam intensities. All that is needed are relative 
measurements of CL and beam intensity with magnet on 
and magnet off. The apparatus geometry, PMT sensi-

285 

<J) 

...... 
<J) 

~ 

w 
0 
z 

t 1 1 
w 
0 ON ON OFF if) 

w 
z 
~ (0) (b) 
::J 
.J 

~ 
W 
I 

~ NO BEAM OFF 0 

0 
-17 

TIME-

FIG. 3. Chemiluminescent signal with magnet on and off. 
Total counts for magnet on and for magnet off, respectively, 
are 6411 ± 98 and 6257 ± 98 for the (a) sequences; 7561 ± 107 and 
7427 ± 107 for the (b) sequence. Even though the signal of inter
est is the time integral of the count rate, an increase in CL as 
large as the increase in beam intensity (Fig. 2) would have been 
easily discernible in the raw data. 
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tivity, and beam intensity (at magnet entrance) are all 
the same and cancel out. We must emphasize, how
ever, that we are comparing only those channels which 
form products that chemiluminesce in the visible. 

V. DISCUSSION 

The increase in chemiluminescence observed when the 
magnet is energized (2. 6± O. 6)% is clearly less than the 
increase in beam intensity, 9.5%. As discussed below, 
the increase in beam intensity is due solely to molecules 
in the upper fs state. We therefore conclude that CL re
action is not restricted to the upper, 2rr 3/2' level as pre
viously suggested. 

In order to quantitatively compare reactivities of the 
two fs states it is necessary to know /3/2' the fraction of 
molecules in the beam in the n = 1 state when H = O. In 
the absence of electronic cooling during the nozzle ex
pansion/3/2 is given by Boltzmann statistics to be 0.42 
(573 K). If all of the CL were due to reaction of upper 
state molecules as suggested by Redpath et al. , 6 the CL 
would increase 9.5//312 = 22%. As discussed previously, 
electronic relaxation is very facile and the effective (and 
unknown) electronic temperature is expected to be much 
less than 573 K, so /312 is expected to be less than 0.42 
The CL is thus expected to increase by more than 22% 
provided that only upper state molecules react. (If both 
states reacted equally, a 9.5% increase would be ex
pected.) Since the observed increase is considerably 
less, we must conclude that assumption is invalid and 
that reaction is not restricted to NO molecules in the 
upper fs state. In fact, if we assume that fs state is the 
only factor determining reactivity to NO;', our data in
dicate that NO 2rrU2 (the lower state) is about five times 
more reactive than the 2rr3l2 state. Details of the data 
reduction are in Appendix C. 

A. Effect of rotation 

Previous workers8•B have studied the effect of internal 
energy on the C L channel reactivity and have determined 
i!1ternal energy to be more efficient than translation. In 
their experiments, however, the NO fs populations were 
varied by heating the nozzle (while adjusting conditions 
to maintain a constant translational energy). This also 
has the effect of raising the rotational temperature. 

TABLE II. Representative magnetic moments in Bohr mag-
netons (calculated at 4 kG). 

"r2:::: ~" "Q= ~' 

J NI=-J M=+J M (case a) M=+J M=-J M (case a) 
1 0 0 0 " 
3 -1. 164 1. 167 1.2 -0.035 0.034 0 :2 

5 -0.786 0.797 0.86 -0.068 0.062 0 " t- -0.560 0.583 0.67 -0.103 0.087 0 

!- -0.399 0.443 0.55 -0.139 0.110 0 

.If -0.273 0.345 0.46 -0.177 0.129 0 

.If -0.164 0.274 0.40 -0.217 0.126 0 

.y. -0.066 0.223 0.35 -0.287 0.130 0 

v 

• • 0.25 I-

0 

0 

0.25 • i 

-:> 0 
lJ.. 

0.25 
0 0 

• • 
0 

0.25 I-
0 0 

• • 
0 

1.5 
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~ 

~ . -
30 K 

• • 0 

~ . -
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~ • 0 • 
0 • • 0 

lOOK 

0 

• • • • • 0 0 o ~ tI1 • • 
I I I 

3.5 5.5 7.5 

J 

I I 
9.5 11.5 

FIG. 4. Calculated rotational state distributions for upper fs 
state. Filled points correspond to Boltzmann distributions 
characterized by the temperature indicated in each panel. Open 
points correspond to distribution of molecules transmitted by 
the magnet at 4 kG. 

Redpath et al. , 6b,c discussed the possibility that the 
NO rotational temperature was affecting the CL reac
tion, but rejected it as implausible, and concluded that 
the zII 3/ 2 state is more reactive than 2II 1/ 2 • 

In our experiment, on the other hand, raising the fs 
state temperature (by magnetic focusing) effectively de
creases the rotational temperature. The effective mag
netic moment and the resulting focusing depend on rota
tional state as discussed in the Appendixes and shown in 
Table II. Focused molecules are weighted towards low 
rotational states, and rotational state distributions as 
modified by the magnetic focusing are shown in Fig. 4 
for several assumed initial rotational temperatures. 
(The initial rotational temperature is unknown and is re
garded as a parameter. ) 

The changes in rotational state distributions shown in 
Fig. 4 could be regarded as minor. On the other hand, 
we could assume that both n states have equal reactivity 
and attribute all of our observations to variation of re
activity with rotational state. This alternative was dis
counted by Redpath et al., 6 largely because the rota
tional effects on reaction known at the time were too 
small. However, we have recently observed large rota
tional effects in the (crossed-beam) reaction K + HCI 
- KCI + H, where the HCI was laser excited to different 
rotational levels of the V = 1 state. 20 For the first few 
J levels the cross section decreases roughly a factor of 
2 per rotational state. Similar effects have been ob
served in the CL depletion studies of Polanyi and co-
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FIG. 5. (a) Increase in chemiluminescence, tlS/So, predicted 
by the rotationally dependent model cross section, rr<x E;!"t. 
Model is averaged over rotational states transmitted by the 
magnet (Fig. 4) for various beam rotational temperatures and 
for various values of the exponent n. Predicted values lying 
within cross-hatched region are in agreement with these ex
periments. (b) Model predictions for the ratio of cross sec
tions measured with "hot" (- 450 K) and "cold" (" 170 K) noz
zles. Cross-hatched area represents the range of predicted 
values consistent with the large uncertainty in rotational tem
perature of Ref. 6. Doubly cross-hatched area is in agree
ment with the experimental values of Ref. 6. The experiments 
of Ref. 6 and those reported here are simultaneously in agree
ment for n - 2. 

workez;s.21 We suggest that rotation plays a role of 
comparable importance in the NO + 0 3 reaction. 

We have used an arbitrary model where the reactive 
cross section increases with J, 

a cc E'rot , (1) 

and have averaged this over the rotational states calcu
lated to be present with magnet on and magnet off to pre
dict the increase in CL, t:.S/So. Values of t:.S/S o are 
calculated for various values of n and rotational temper
atures and are shown in Fig. 5. This model has also 
been averaged over the rotational states for the condi
tions of Redpath et al. , 6 and the ratio of cross sections 

for hot and cold nozzle, aH/aC' is shown in Fig. 5. The 
rotational temperatures are taken to be the streaming 
temperatures of Ref. 4 and are 450 and 170 K . 

From Fig. 5 it appears that a reactive cross section 
increasing with J roughly reproduces the results we have 
obtained (over a variety of possible beam temperatures) 
as well as those obtained under the different conditions 
of Redpath et al. In neither of these experiments is the 
distribution of rotational states well known, however, so 
the particular form of the rotationally dependent cross 
section should not be emphasized. These results merely 
show that the cross section increases with J and varies 
roughly as E~ol! where n -1. 5 -2.5. Note that compari
son between beam experiments and gas phase experi
ments will be difficult because rotation and translation 
are equilibrated in the gas. 

The origin of such an effect is not clear. The C L 
cross section increases8 with translation energy as 
E:~~. so a varies roughly as E~ot E:~~!.. Comparison of 
rotational and translation energy can be made in two 
ways. The increase in cross section for a unit change 
in rotational energy compared to the analogous quantity 
for translational energy yields 

[8a /8Erot 1/[ 8a /8Etran.l <>< 0.5 EtranjErot <>< 50 

and can be compared with Van den Ende and Stolte's val
ue of 4.6 at somewhat higher energy. 8 This suggests 
that rotational energy is more efficient in initiating reac
tion than is translational energy, but fails to account for 
the large disparity in magnitude of the average energy 
in the two modes. It is more illustrative to compare 
instead the increase in cross section for a given frac
tional increase in energy, 

[8a/8frot 1/[ 8a /8ftransl 

Apparently rotational energy is not quite as efficient 
in initiating reaction as is translational energy. A 
similar effect has been observed22 for the endoergic 
reaction K + CsF- KF + Cs: translation and rotation both 
increase the reactive decay of the complex, but transla
tional energy is more efficient. On the other hand, 
translation and rotation are roughly equally effective22 

in decreasing the reactive decay of the complex for the 
exoergic reaction K + RbF- KF + Rb. The reaction be
tween NO and 0 3 is exoergic and might therefore be ex
pected to behave Similarly to the K, RbF reaction where 
both translation and rotation are roughly equally effec
tive. The analogy cannot be extended, however, because 
the crossed-beam studies of Valentini et al. 23 have 
shown that a long-lived complex is not formed. 

VI. CONCLUSION 

We have presented two alternative explanations of our 
data: either the lower n state is about five times more 
reactive than the upper or both n states are roughly 
equally reactive and the cross section increases with 
molecular rotation. (For simplicity, we assume no 
coupling.) We favor the second alternative for two rea-
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sons. (1) This provides a means of explaining both our 
experiments and those of Redpath et al. (2) The lower 
o state must correlate to the ground electronic state of 
the products. Be If the 0 = i state is to be five times 
more reactive in the CL reaction, there must be an 
avoided crossing with the 0 = % state at some point along 
the reaction coordinate. However, the two states are 
strongly mixed by the collision. The two states would 
consequently be expected to behave similarly, which is 
not consistent with a factor of 5 difference in reactivity. 
Even without such a crossing, the collision is expected 
to heavily perturb the two states, and it is unlikely that 
a significant difference in reactivity could persist. 

We emphasize that no information has been obtained 
about the nonchemiluminescent channel. 
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APPENDIX A: ZEEMAN EFFECT IN INTERMEDIATE 
COUPLING 

In order to quantitatively interpret the focusing experi
ments, magnetic moments have been calculated numeri
cally at 4 kG for intermediate coupling using Hill's equa
tions24 and the rotational parameters of Gallagher and 
Johnson. 25 Representative moments are shown in Table 
II, and they illustrate the mixing of the two states. 26 As 
the molecular rotation increases, ~ is no longer well 
defined and the lower state, labeled "0" = i in case (a) 
coupling, acquires a significant magnetic moment. The 
two states can still be magnetically separated, however, 
because the magnetic moments are still different and 
also depend on M for a given state. Molecules focus if 
the moment is positive and defocus if the moment is 
negative. For a given J in the upper fs state, the mag
nitude of the focusing moment is larger than that for the 
defocusing moment, and more molecules will be focused 
than will be defocused. The opposite is true for the 
lower state, and the net result is a slight defocusing of 
that state. The flux of molecules in the beam in the 
upper state ("0" = t, or F 2 levels) will increase when 
the magnet is energized, and the flux in the lower state 
("0" = i, or Fl levels) is essentially unchanged, but de
creases very slightly. 

APPENDIX B: FOCUSING OF MOLECULES IN AN 
INHOMOGENEOUS MAGNETIC FIELD 

A molecule in state J, M, 0 will enter the scattering 
cell if the displacement from the axis, r3' at down 
stream distance l3 is less than the radius of the scatter
ing cell opening, rse. In the inhomogeneous field, each 
molecule experiences a radial force, 

(B1) 

where W is the energy of the molecule and H the field 
intensity. The field is constructed so aH/ar=2Hor/r~, 13 

where ro is the radius of the field and Ho is the field in
tensity at the pole tips. 

Solution of Newton's equation inside the field for nega
tive 11 gives 

r= rl/w sinwt + rt coswt , (B2) 

where rt, 1-t are the radial position and radial speed at 
the field entrance, w2 = 21 III H/(m~), and t is measured 
from the field entrance. (If Il is positive, molecules 
defocus and the hyperbolic functions sinh, cosh must 
replace sin, cos.) 

After traversing the field free distance l23 = l3 -l2 in 
time t= l2/V, the displacement of the molecule at the 
entrance of the SC is given by 

(B3) 

where li=wl23/v. If rl and;'t are expressed in terms of 
the incident angle a, we have rt = It tana and rt = v sina 
(and tana "'" sina "" a), and we find that, in order for r3 
:5rse , the incident angle a must be less than a o where 

a o= Irse[(v/w-ltli)sinli+(lt+ldcoSliJ-tl. (B4) 

Molecules incident with a :5 a o enter the SC when the 
magnet is on, but only molecules with a:5 f3 = rse/(Zt 
+ 112 + l23) enter when the magnet is off, where It2 = 12 
-It. The beam flux entering the SC is then given by 

Ion/Iou = aV f32 

or 

(B5) 

If the molecule is in a defocusing state (11 is positive), 
Eq. (B4) becomes 

ao=rsd(v/w+ltli)sinhli+(Zt+lZ3)Coshli]-I. (B6) 

Equations (B5) remain unchanged but, since a o< f3 for de
focusing states, ~I/I is a negative number and reflects 
a decrease in intensity. 

For large li Eq. (B4) predicts a o to be so large that 
molecules hit the pole tips. In this case, the maximum 
incident angle allowing molecules to enter the SC is that 
for which the maximum excursion from the axis is equal 
to the radius of the field and is given by 

at = ro[(v/w) sino + It coso]-t 

where 0 =tan"l(v/ltw). 

(B7) 

To compare with experiment, it is necessary to aver
age over all states present. This yields 

+J 

l
Ion =f3-2 if(v) L L a~(J,M,O,v)g{J,M)dv, (B8) 
Mf v J M-J 

where a l is the lesser of ao, a" or a 2 (where a2 is the 
half -angle of collimation of the beam entering the mag
net, _0.3°) and is calculated from Eqs, (5), (6), or (7) 
as appropriate. The fraction of molecules in state J, 
M, is g{J,M) and is assumed thermal at Trot. The speed 
distributionf(v) is assumed to betS 

f(v) = C(V/vs )2 exp[(v - vs)s/vsF , 
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where s=val(2kTtrlll.lm)112, a distribution centered on 
the nominal rms speed of the seed gas, v~ = (3kT~/M~ )1/2 

of mass M~ and stagnation temperature Ta. Magnetic 
moments are calculated as described in Appendix A. 

Rotational distributions for transmitted molecules are 
obtained by normalizing the probability of transmission 
for a given J, p(J), 

+J 

p(J) = f3- 21 j(V) L a~(J, M, n, V) g(J, M) dv, (B9) 
v M=-J 

by Prot =l.P (J) given by Eq. (B8). 

APPENDIX C: ESTIMATION OF FRACTION OF 
MOLECULES WITH .Q = t 

In order to quantitatively assess the relative reactivit~ 
of the two fs states, we must somehow estimate fs/2' and 
we proceed as follows: the fraction of molecules focused 
for a given state, F 0' is calculated (see Appendix B for 
details) for each n, M, J, and v, and then averaged over 
assumed distributions of J and v characterized by rota
tional, Trot. and translational, T T, temperatures. Val
ues of F for a variety of conditions are given in Table 
III. Note that Ft/2 is always small and negative (i. e., 
the lower state defocuses). The increase in beam in
tensity is due solely to molecules in the "n" = 1 state. 
Once FU2 and F3/2 have been calculated, fs/2 may be cal
culated in terms of Trot and T T because 

t:.I 110 = (1:/2 +If/2)1(1~12 +l~/2) 

=(F3/ 2 R +F1I2 )/(R+ 1) , 

where R = /3121/112 =/~/211~12 and F 0 =/~/I~. As might be 
expected, /312 depends on the assumed value of T R but 
depends only weakly on T T' As expected, the electronic 
degrees of freedom are also cooled, but Te lags Trot. 

The correct choice for T R is not clear. The terminal 
temperature16 for our nozzle expansion conditions is 
- 7 K corresponding to Mach number M = 17. Actual ve
lOCity measurements in a similar apparatus yielded M 
= 10 for HCl, 21 which suggests that a more conservative 
Mach number is appropriate. However, even with M 
= 10, the terminal temperature is 17 K, suggesting that 
while T R is not known, it is likely to be - 20 K. As it 
turns out, T R has only a mild influence on the reactivity 
ratio Q = a3/ 2/0"1I2' The fractional increase in CL, ll.SI 
SO is given by 

TABLE ill. Calculated magnetic field transmission char-
acteristics. 

TR F3/2 Ft/2 R 13/2 Te Q 

20 0.301 -0.002 0.470 0.320 120 0.216 
30 0.270 -0.004 0.564 0.361 138 0.216 
50 0.225 -0.008 0.794 0.443 188 0.217 
60 0.210 -0.011 0.923 0.480 225 0.218 
70 0.198 -0.014 1.055 0.513 272 0.219 
80 0.189 -0.017 1.18 0.542 332 0.221 

100 0.179 -0.028 1. 409 0.585 497 0.228 
200 0.192 -0.055 1. 54 0.606 666 0.215 

TABLE IV. Effect of beam 
speed distribution on reac-
tivity. 

Tb Trot F3/2 E 

20 10 0.351 0.345 
20 0.312 0.306 
30 0.280 0.274 
50 0.234 0.228 

100 0.187 0.182 

40 10 0.351 0.340 
20 0.311 0.301 
30 0.279 0.268 
50 0.233 0.223 

100 0.186 0.177 

50 10 0.353 0.340 
20 0.313 0.301 
30 0.281 0.268 
50 0.234 0.222 

100 0.187 0.175 

100 10 0.350 0.330 
20 0.310 0.287 
30 0.277 0.254 
50 0.231 0.208 

100 0.185 0.163 

ll.S _ (0"31218/2 + a1!2lfn> _ (QF 312 R + F 1) 
So - (a31213/2 + a1l2/~/2) - (QR + 1) 

Q is given in Table III for several choices of T R' For
tunately, Q is quite insensitive to our assumptions about 
T R and from Q "" O. 2 we find the lower state is approxi
mately five times more reactive than the upper state. 

Before we can properly interpret Q, we must point out 
that the n = 1 molecules focused by the field have a 
slightly different distribution of speeds and rotational 
states than do the molecules transmitted with the magnet 
off. The magnet preferentially focuses slow molecules 
and those in low rotational states. 

As long as the initial speed distribution is narrow (T T 

:s 100 K), the final speed distribution is changed very 
slightly. The reactive cross section is strongly depen
dent on speed (aa: v 1• 5), 6,8 and we have averaged this 
cross section over the final speed distribution to calcu
late E, the enhancement expected in CL (assuming CL 
depends only on speed) when the magnet is energized. 
Values of E are listed in Table IV for various combina
tions of beam parameters for the upper state. For al
most all cases of interest, E is suffiCiently close to the 
predicted increase in beam intensity that it is not neces
sary to consider the modified speed distribution further. 
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