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Molecular Beam Focusing of Diatomics in Selected States: Two New Hethods

by
Theodore Gustav Waech

(Under the Supervision of Professor Richard B. Bernstein)

ABSTRACT

Two methods have been developed for the fogusing and state
selection of diatomic molecules in thermal molecdlar beams. The
first utilizes a pair of four-pole electric fields, with an interposed
ctossed beam of microwaves, to select beams of chosen vabratiomal-
rotational states. No mechanical velocity selector is needed., The
second (requiring a selector) jnvolves a ten-pole electric field which
allows weak focusing and selection of rotational states of negative {oxr
positive) Stark energy, including the "rotationless" state J,M = 0,0.

Also, calculations are presented on the scattering of thermal

beams of atomic hydrogen by hydrogen atems.

#* Work supported by the National Aeronautics and Space Administration,
Gramt NsG-275-62; Natiomal Science Foundation, Grant GP-7409;
U.S. Bureau of Naval Weapons, Applied Physics Laboratory Subcontract
No. 181461 (Government Prime Contraect NOw 62-0604-c; and U.8, Atcdic
Energy Commission, Division of Research, Contract AT{11-1)-1328.
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1 INTRODUCTION

It 15 well known that beams of charged particles can be focused,
accelerated, or moved about "easily” by the use of electric and
magnetic fields. Such fields howevexr, if they are inhomogeneous,
can also somewhat anfluence the motion of neutral particles ex-
hibiting a Stark or Zeeman effect. The particles "seek™ a positicn
of lowest potential energy which may be in exther a high or low field.
If the change In energy due to the field 15 of similar or greater
magnitude than the particles translational energy, the motion can
be affected appreciably.

This thesis discusses methods of using the Scark effect to select
focused molecular beams of chosen rotational (or vibrational-rotational)
states. Only methods applying to linear polar molecules {mainly dia-
tomics) wrll be discussed in depth.

Actually, certain rotational states of diatomics have often

MmfmmdinmemﬂwuhahumﬂeﬂﬁaLlInﬁﬂ,mm

: 1.2
molecular beam spectroscopy has been done using these states,

and their focusing will be discussed.
The thesis is divided into six main sections. Sectioms III B,

IV B, and VI B are pepers {(already published or in press), and

TI.1 See, for :instance, reference 1IT B 1 {in section III B).

1.2 See, for instance, reference III B 4b.
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I.2

therefore contain their own figures and footnctes.I'3’4

are independent of the rest of the text.

1.3 Pzg?s, figures, footnotes, and tables are numbered according to
;Ie:u: section; z.e., F?g. II B.1 is the first figure in section
B. T'x}e papers (designated sections IIT B, IV B, and VI B)
do not (internally} include the sectidn numbers. ’

1.4 !l;[uch of the work presented is not entirely the writer's oun
ut includes substantial contributions by the co-authors (a;
specified) of the published works. However, it is all included
for the sake of completeness. ’ e

i

Those sections

IT A.L

1. FOUR POLE FIELD FOCGSING

A. TheoryII A1

Tet W be the energy of a heteronuclear diatomic wolecule 1a an

electric field E, assuming 2 1}: electronic state,
W= W, o+ W W, *. .. (iL A.1)

whersa wo is the energy in the abscnce of a field, WZ is the second
order Stark energy (proportional to EZ), ete. For sufficiently low
E, the higher order Stark energles are negligible compared to Wz.

"2 is well known to heII 4.2

- Abs E*
W, 7;79.?[ )Cl ( ZT,M) (11 4.2)

permanent dipole moment

where /“o

1 = moment of inertia of the molecule about its center
of mass
=3
T(T+1) - 3 M

M= T (7D (27-D) (2T+3)

= - -2—- for 3,M = 0,0

J = rotational quantum aumber

orientation or magnetic quantum number. M can have

=
1]

1T 4.1 See ref. III B.1 for more informakion.

I A.2 €. H. Tounes and A. L. Schawlow, "icrowave Spectroscopy,’
{McGraw-Hill Book Co., Ine, New York, 1955}, P. 250.




11 A.2 A3

only values J, J - L; . . -3 %71 is the componear of the Fig. I1 A.1 éos 9> B /f/u for & distomic in an elecrric
. (-
£1eld E.

angalar mouentazm in the direction of the electric field.
— =3
0 is the angle between E and the dipole moment, Y = 1;4732 -
2.

Reglecting w and Sighes ocder brark enecgies, the force (-'.":»".) on
The dashed lines correspond to the low field limat where

the dipele d=e £z am inhemogeres.s =leerrie field is
@os 9> = 2 fz(J,H) Y. fThe graph was made using calculations
{of <cos 9> at integral values of ¥) of K. H. Kramer using the

TT
continued fractzon method of H. K. Hughes. = A.3

Y S - - @ = — £ -~
e f red e 224 E 2E0)
" 2 4oy 7 2K
T /2: . -
. e
S PEx P Ey Yy oo ”
£ - !
(EX T Ew Sy ;]' f (11 4.3)
. " o~
whare 1 2.3 1 sre .~1t wverters im the x aad y directions respectively.

/:—;—,-N.:ﬂ%_vEE/(%VE (IT A.4)

3
where/"eff - —%Qf:’r—g jcz (J‘: M) (11 4 3) .

h
o 2

Note :‘.’let/ﬂ‘:!f [ ::cpc:_t-.onai =0 §. Fig., L :lluscrates che

~ Lrse o 4 3.uml etezvric field { E = E(x,y) ) can be built

such that T 1s proportitoai to — T (for sufficiently small E) for

II A.3 H. K. Hughes, Phys, Rev, 72, 614 (L947).

ot st

——— e




Fig.

i1 A.l

II A.4

i1 4.5

1L A4

a set of rotationzl stares. This field 1s the four-pole field

AV 2 z
1y = Moo =t
with a perential V o5 (y= X ) (I1 A.6)
where Vo is the absolute value of the voltage on any one of four

hyperbolic electrodes as shown in 1he sketch, ' A.5

— P
E = -9V = ('x;‘.\-—y?v) (II A.7)

R’- (1L A.8}

I1 A.4 See reference IIT B.L.

II A.5 The actval electrodes used are circular rods.
See sectzon V D
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11 A.6
Then from equaction (1L 4.3} or (II a4.4),

= A 2yie)
4 ﬁA:HTM] g Ve Zé;:

(L A.9)

where m is the particle mass and t is time.

For positive £2 (I, (as for J,M = 1,0; 2,0; etc.), there is

a force toward r = 0, This is becausa such particles increase in

rotencizl energy in an aleccric ficld (see Eq. (II £.2)). Therefore

they are repelled by the stronger field at large r (see Bq. (IL A.B)):‘-
For negative £, (J,if) particles (e.g., those in the states
J,M = 0,0; 1,1; |, 2,2; etc.)}, the force 1s directed outward toward

large v The solutroms to Eq., (IT A4.9) are

LALM >0 : V=¥ coamrve+ to aaamrr (11 A.10)
@ 27
LM <0 p=Realamvirle o foamue (II 4.1

whore 2= ‘_-—[-i,'—_- e h o T (11 A.12)

II B.1
B. Experimental considerations
Consider the results of an experiment with a molecular beam (in
a vacuum chamber} effusing into a four-pole field with 1:o = 0 (see

sketch). A particle for which fz{J,M) < 0 is deflected with an exponen-

FalTM)>0e

oVEN BEAM STOP DETECTOR
1
2 L. A

tial trajectory (Eq. (II A.11}). But for fz(J,H) > 0, a sinusoidal

trajectory brings the particle back to the T, = 0 axis after a time

o _:Z,?/_ (II B.1)
A

during which it travels a distance

v

I S

—;A_L- = 3 (il B.2)




r
I1 B.2 ; i1 B.
where A is the "waveleagth" >f the trajectory and v is the velocity
[4 g—ﬁ ). If -%-:' L , the particle hits the derector; i.e., the detected
focused beam consists of particles for which L = gv_y or
("";
v z - : L .5
o TR P j]- /2_ I i . . !
V - .
24, L 2 K, (M) {IT 3.3) B .
»
Eq. (I1 B.3) 1s the condition for focus.rg with the four-pole field. & ( (=%
R - .,o; |
N The trajectories of these detected particles have an amplitude (A) . £
of (using Eqs. (II A.10) and (IT B.2)) . g ,
r 3 ; ° 0
I3 Ly S \ﬁ {.r(v}
= = = e (11 B.4)
A (r D) 7 Oe = e ) .
] Fig. Il 8.1

Tracang of an excellent focusing curve of TZF cobtained

kote that at a given V , @ cerrain velocity for each state is .
Il B.

focused. Because of the wirde velocity distribution norxmally found by Bennewicz et al.
1n a beam, a mechanical velocity selector (see section "V B) 1s-usad.
Hith Uo and v set, only one state is focused at a time as 1n the
traced sketch (Fig. II B. 1).11 B.1 The width of a peak is deter- "
mined by the velocity selector resolution unless there are higher

.. order Stark effects present, poor pesitioning of apparatus components,
too high a background pressure, etc. Although a beam stop or
tapsracle” is used to stop the direct beam (all states, roa‘v’ 0)

from hitting the detector, many pavticles are st1ll forward scat-

tered arcund the beam stop unless the pressure im the apparatus is

IT B.1 #. C. Benmewitz, XK. H. Kramer, W. Paul, and J. P. Toennies,
Z. Physik 177, B4 (1964).

£




1f B.4

very low, Also, at high Vo, there may be some "triple focusing”
(see first sketch below).

Consider the case for which r, 1s not necessarily zero. If
T, =0, note from Eq. (IL A.10) that the final r (at detector) 1s
I, 1f Eqs. (IT B.l) - (I B.3) zre satisfied. This suggests that
for a velocrty selected beam, the focused particles form am inverted
image of the oven opening (which 1s usually a small clrcuiar hoie or

a thin slit) at the detector. Thus the four-pole field acis as a

lens, as noted by several authors.
However the image is somewhat "fuzzy' for actual experimects.
This is introduced by a non-zero velocity range, by background gas

IT B.2

scattering, and by larger possible amplitudes which may give

more high order Stark effects (see second sketch below).

L | N,

T RAIECTORY
l e

ke | -

BEAM
CELLIMATOR

II B.2 Assuming only a second order Stark effect:

A= VEr+ (2(Z).. )

. II B.5

Various effects such as inhomogeneitires 1in the field, possible
lend effects," or perhaps oil or beam material on the field rods
makes the field astigmatic. A small oven opening (and a small
detector) 1s needed to form good images since it may be more accu-
rately positioned (usuwally off the r = 0 axis) to give the least

astigmatic effect (see sketeh).

_FLEEi::::::::::::—ﬂ—‘_EHﬁﬂﬂﬂ"::::;;;;;;:;:;fff:Tax

cVEN

The inverted image may be magnified. This is because some
field-free space along the beam axis is needed for equipment such
as the velocity selector. GConsider the case in which a velocity

selector is positioned near the detector (see sketch below). The

SIVE

STRAICAT

r
™y ]
| » = t=
- = =z Z=Z -
E:oo g-;‘ = 'b'-t't:.-l'
r-F r=) Y=r




II B.6
particles move In straight lines in this region. Then using

Eq. (II 4.10), at t = t,

ho=1k+Fk(ta-%)=

e

f e VE A 2TV

*

2V (ta=T) a2 ¥ E, 4 (£,-%,) cor LAV
(1 B.5)

When P is set so there is focusing at t = Eyr Tp = 0 for r_=0.

e

Then
r R .
o wwVE+ F (-t o220 VY, = © (I1 B.6)
or 2rv(t,-4) = T, 277 VL (I1 B.7)

for focusing with am initzal sine trajectory and a straight trajectory

II B.3

near the detector. At t = ¢

2
r =
. ¥, [m._ 27 VL, ~2m Y (tu-7 ) e 27 vt ) (II B.8)

=k (s)

The expression in parentheses Is the magnification which 1s always

greater than one In absolute value for this case.

A
T ¢an be determined from 3.

I B.7

For the straight portion of the trajectory put first, one can

show in analogous Eashion (see sketch) that the focusing condition

1I B.4
15
1 + (£1 B.9)
_, etz () ’
2
and the magnification equation isII B.3
v, = ¥ c,aq_zw‘l/(’tl‘fa) (I B.10)

where the magnification s always less than one in absolute value.

II B.4 Eq. (II B.9) s the "same® as (LI B.7) if one 1dentifies
tz - tl in (II B.9) with tl in (II B.7), etc.

IT B.S5 The magn:fications are reciprocals of one another if £, -ty
in (II B.10) is the same a5 €, in (1 B.3), ete.




II B.8
It 15 obvious that the detector should not be much larger than
the focused image. If it is, one will detect a larger fraction of
the particles that are scattered around the beam stop, but no more
focused signal. Also, the per cemnt 2f any glven state focused

oIl B.&

("direct beam is consiaderad the 100% base) will be less since

the detected direct beam will be large. A large detector may par=~ —
tially detect another state while the desired one is properly focused.
Of course, Lf the detector or oven opening is too small, the signal
will be too small to decect esasrly.

Fig. II'B.2 1llustrates the geometry used to obtain the
focusing curve of Fig. III B.1l, In addition, section II E gives

data for four-pole focusing runs made with various geometries by

the writer.

I1 3.6 "Direct beam" is the signal obtained with no beam stop and
with Vo = 0.

I1 0.9
Fig. IT B.2 Illustraraon of "fane" geometry.
vhis was needed to four-pole focus with geod resolutaen. Possible
trajectorres wath and without voltage on the Fields are shown. The
scale of dimensions along the beam axis is, of course, much compressed

relative ro the scale perpendicular to the axzs, for claraty.
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—~ . I C.1
e T -
- :l*_;, R £ C. Choice of Focusable Molecules
~ A R [
e LT e ™~
Fp b e s 4 ’.‘_,v s -
;{-'.j-’ LT .‘?2 = | S Most of the diatomic molecules whizh ere Iikely possibilitres
T mn P &3 CR
A S ~
e Fom Loy .. for focusing are listed in fable 1L.1 (£2170virg). Tne values of
/ / TSRS =
" - -
i e B, v 0/ f
7 1; ; ht i__:. AP M (molecular we;ght),/(,[,o, » ’Je o the alkali halides axte
? W 1T oL
3 :':j I taken from a report by Herm ane -~rrazisact. =~ The value of
b Ve R L Ll PAB (e
/% was calculated to be the same &35 —‘7—;———
-4 =
sec ALK W)
1n units of volt = -
cm
The table 15 intended to hel' wreide wnich molecules to focus.
Note that the cesium and rubiwvew reioc -oen wig the most easily
detected with a Tangmurr~Taylor drtecl.r ‘ne T!IF, in experience
£,
A at rhis laboratory, decomposed 4f zpprecs £!e rates at Lemperatures
above abount 32308. Putting the maceriai in 2 glass vial 1n the gyen
D) o
3 : helped reduce the decomposition probiem, however.
Yy e -
{_._‘:’....: . At the most probable velecity, the “aagle of aperture" ($);
1 4w &y
EEN - - s
™ = from an oven, of a molecular Seam ove rhich 2 four-pole field
e .
e (for a given votational state) can faCus i: moportional te
L - B 11c2 .
- \/-r - (T 15 the oven temperatire.) The amount of the
M-
given state focused should then be proportional to Lhis squared
(for [, < ) times the fraction of the Seam in the given state.
~. B RS - Since the probability of a low rotational state (i.e , of given J
o
S 3t
ki - and M) is (for B <k kT) about B/kf, cne mu;*r «oaclude “hat a "figure
g .
: T -
’:’:.’_i et N of merit" for a four-pole focused ¢ atsmic could be { = )7, where
et a < - F P
\ z’“,E 23 o e T_ 18 the cven temperature needad to get 2 given reasonable vapor
<53 5 ?
‘\_ = ood e L.
\ P H
X M H

II ¢.1 R. R. Herm and D. R. Herschbach, % .RL Report 16039
(Unmiversity of Calitornia Radratien haboratory, Berkley,
July, 1965).

IT G.2 See ref. III B.1.
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Table LI C.1 PROPERTIES OF ALRAL1 NALIDES AND T1 F

Molecule Mulecular Dipole Rotational Vibrarional U — T for

Weight Homent Constantl [requency \/“-y,,.. ‘.f«."z' 27 1 mm

M /“o B, e _—/T(f:___ pressureb
i fmo ey (Debyed rem” H v "t (19‘]"':‘&"5‘ ‘o }
- e e s e e i e !

LY -0 6.6 1. 5047 avh, 7 5 2 1047
u’e1¥ £2.40 7.12 0. 7065 067 519 783
1i’me 56.86 6,19 0,554 476 6.11 748
u’tt?’ <1285 6,66 0,442 501 6.32 723 .
NaF 41,99 8.37 0,4369 (463) 218, 1077
Nac1™? 58.45 8.5 0.2181 366 N 865
NaBr 102.91 9.4 0.1513 302 2.2 806
nax1 127 149,90 9.3" 0.1178 258 2.4 767 .
K%F 58,10 7.33 0, 2799 400 2.99 885 '
0¥ 74,56 10.48 0.1286 281 1.609 821 :
e T 119.02 10,41 0.0812 213 1.626 - 795 i
g9 1?7 166. 01 1.1 0. 0609 am 1.56 745

Z°0 1L

{continued on the ne.t page)

Table I¥ C.1 {Continued) .

Molecule M~olecular Dipole Rotational " Urbrational Vo B2 T for lm
Weight Moment Constant (requency —'—/I;-"—‘ pressure
rbSF 104,48 8.80 0.2107 390 2,904 921
rp>oc1 > 1209 10.6 0.0876 228 |67 792
85, 79 .
b5 Br 155. 40 10.5 0,0475 (166) 145 781
b0 127 212.39 (10.8) 0.0328 (128) 1.3 748
CsF 151.91 7.88 0. 1844 352° 3.66 712
csc1® 168.37 10.5 0,0721 209 1.81 744
caBr’® 212.83 10.7 0.0361 (139) 1.40 748
st 259,82 12.1 0.0236 (101) 111 733
7120 223.4 4,23 0.2223% 475° 3.08 -

Values in parenthesis are theorclical estimates.

Handbook Af Gilemistry and Physics (Ed. 42) (The Chenscal Rubber Publishing Co.,
Cleveland, 1961},

See vef, III B.8b.

G. Graff, W, Paul, and Oh, Sehller, Z. Physik 153, 38 (1958).

Howell, H, G., Proc. Roy. Sec. (London) 160, 242 (1937).

£'0 I1




Ir C.4

pressure lnig auvmber is meaningful 1f thne beam 1ntensity at the
uost probaple velocity is proporticnal to oven pressure and :f one
¢an obtain the necessary experimenzal conditrons (T, velociky, V ,

field assedbly size, ete.)

ITD.1

D. Appendix 1 Caleculation of ‘Jolv for a typieal case.

From section I1,0me notes cthat for the four-pole field,

T o
(VA - R* B 2T
VT 2w NV 2AHTM)

For the state J,M = 1,0; £,(1,0) = 313 (see Fig. II A.1). For CsF,

3,46 Al

G ®

from Table IT.1. For the azpparatus used in this work,

R = 0.413 cm

L= 107 cm

Then
V_o_0 0205 wolt sec _ _1 HKv. sec
v o cm T 502 m.

£ .05

—

L
The faet that _-l = for a focused bheam in the given
v
apparatus suggests that -vg is actually hapgher by 5%. Usvally
v
high order Stark effects wxll raise To alse (50°%h or more for

coarse geometry).

D




II E.1
E. &ppendix 2. Four-pole focusing data.
Table IT E.1 1liustrates the results of preliminary four-pole
focusing runs. The apparatus pressure was typreally 5 x 10_7 Torr
except in the oven chamber where .t was normally higher. All of the

rens other than 6 and 7 were donz asing CsF. The space left between

the field assemplies was there becavse of the work of seclion IIT of

this thesis.

11 E.2
Table [I'E.1 Four-Pole Focusing Data
* Resoiiﬂlon (légi Oven gii: D:::;zgr
Run No. ?oc(:l];::g; (ﬁ!,au_)"{iﬁi Ly ¥ (me) | ¢0.001%) [o;o01™
1 25 vl 6| 207 6 x 250 200
2° ~ 3 .55 30 | 21.28 " "
1 ~1 .67 40 | 20.28 6 x 250(7) "
48 g .54 30 { 20-25 3 x 250 "
5° - 14 .51 40 | 20.65 10 x 250 "
%4 2 .53 15 | 12.7¢1)] 10 x 250 "
729 T w0 | 12 " "
8 - - - |~18 10 x 50 80
9 1.2, .65 15 |[~23.4 10 x 50 n
10 3.1 .79 a0 ~20.6 10 x 30 50
11 LITTLE DATA
12 5.5-8.5 .72 50 [~22.5 10 x 30 50
13 2,25 .04 100 }~29.2 760 30
14 ~1 .19 50 { 30.0 u "
15° ? .065 50 |~30.5 " "
16 1.5 .14 70 | 24.57 10 "
17 ~l1-3 .18 >100 | 25.98 " "

%



Il B.&

Table II E.1: {Continued)

1I E.3
Table II E.1 {Contrnued)
COLLIMATOR BEAM STOF |SELECTOR

2 Space
Size S1ize Speed Between
(0. 001" Position [{0.001"})| Positien End {m/sec) Fields

170 x 120 near 60 center oven 386 ~ 21

vel. sel.

" 1 n ar Hn 371 "

i " T " H 270 — 0

" " 30 vel. sel.| " 370(7) | ~2

200 © center 60 center oven 325(2) o

1" [} 30 " n "\‘,220 "

=200 D " " H " ~ 200 "

120 % 180 | vel, sel. " vel. sel. det not on ~ 0

1 ”n " n n 'V270 (13

1wo © o 50 @ center " 225 "

LITTLE BATA

100 © | vel. sel. 50 & center det |[~270 ~ 0

77 © " " " T 396 »

L1} " " " aven 4"368 — 4“

n L1} n " 1] ar

3&2
" ” (1) " it {*14 n
" n " (1] 1) 396(?) n

Beam stop is wire unless it is indicated to be spherical by (),

There was almost no effort to miximinze the signal or resolution
with the velocity selector on,

Qlder fields,

TIF bteam.




IIT A.1

I1I. SELECTION OF VIBRATIOWAL-ROTATIONAL STATES

A. Introductionm
The paper which comprises section III B concerns a method of
producing and dececting beams ¢f specified vibration-rotational

11I 4.1,2

states. The method combines focusing (with, say, four-

pole fields) of a chosen J,;M state with microwaves which cause transi-
tions to states which are defocused {see Frg. ILL A.lA).

- - I1I1 A.3

if ome varies the wicrowave Iregquency ( 2/), one cbserves
decreases in signal at freguencies correspending to transitions
o T >—»ia” It > (see Fig. IIT 4.18). One can remain tuned
to any given absortion lime and modulate the microwsves (and therefore
the detected beam intens:ty) at a convenient, low frequency of, say,
25 Hz (see Fig. TIY A.1C). A phase sensitive (or lock-in) detector
will detect only the AC, in-phase, component of the sagnal; in this
instance, only the 010 > molecules are detected.

Wote alse that cpe focusing field acts as & velacity selector

III A4

(see Eq. (II B.3)), so a mechanical selector is not needed.
Other J,M states will strike the detector then {and add to the

III A.1 T. G. Waech and R. B. Bernstein, Chem. Phys., Lett. 2, 0000
{1968) in press.

IIT A.2 The original method was an adaptation of the molecular beam
electric resonance {MBER; technique, in collaboration with
Yr. % %. Bernstein. Suggestions by R. W. Fenstermaker and
R, J. beyhler helped the writer in the experimental develop-
ment of the method.

ITI A.3 Not to be confused with the -2/ of Eqs. (IL A.10) - (II A,1ll}.

II1 A.%4 See ref. III F .,

— I A SR EP S-Sy
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Fig. IiI A.1 Basic couziderations of the MBER method.

TII A.2

Microwaves cause transitions to defocused states (A) and decrease

the focused beam intensity for ¢ertain microwave frequencies (B).

This decrease 15 modulated {(C).

QVEN

GIVEN v, 3, M
AND VELOCITY

BEAM INTENSITY
{MICROWAVES
NOT MODULATED)

BEAM INTENSITY
{MICROWAVES MODULATED)

I1L A.3

ar THR

%M)—ﬂ-iv&'h&')

DETECTOR

\

MICROIWAVES

l
—-{I -z—ssec. t——
1 i
i
.
JM=1,0 v=0
IN=1,0 ar=12,...
T BACKGROUND

{scattering around beam siop)

time
Fig. IIL A.1

e
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III A.4

"statistical” noise), bur, not being modulated, they will not be
lock~in detected.

The follewing communication concerns the technique and its use.
The geomeCry used is given im Fig. ZI1I A.2. The apparatus 1s des-
cribed more fully an section V. 7¢ should be pointed out here that
the signal-to-noise has by no means been optimizzd. Higher oven
temperatures (a “laval”-type oven might be used) and less cellimation
would lead to more signai. A largsr baan stop wight grve less con-
tributions to the norse due £o stnas J,i states and background
scattecing, as well as betrer velocity selection (see appendix,
gection LTI G},

The cemmunication rs followed by two appendices which give more
tnfocmation on frequency and velocity constderations. A third appendix
descrites calculations which were carried out in an effort to under-

stand the fate of the | .~ 00 > particles formed in the experiment.-

S DO,
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III A.S5
Ttlustration of coarse geometry.
Note the use of an owven slit, a long

This was used to produce 2 large signal-to-noise ratio for one

vibrational-rotational state.
detecror, and a long beam stop.

Fig. 111 &A.2



ITI B.1

"production of Focused Beams of Polar Diatomic lfolecules im
Selected Vibrational-Rotational States,"” by T. G. Waech and
R. B. Bermstein, Chem. Phys. Letters 2, 0000 (1968), to be

published.

{See journal article for this section)

iIT ¢.1
C. Appendax }. Velocity censiderations.
1. Determination of the selected velecity.

With no mechanical velocity selector, the four-pole field focuses
2 different velocity for each staze at ome V . A mechanical
velocity selector can be used; or microwave modulation, as previously
described, eliminates this problem by "isolating" a beam signal of
the desired state (see Fig. III C.1).

The velocity can be determined b7 2q. (II 3.3} unless high order
Stark effects are important in =hoe focusing. However, one may still
approximate the velocity if zssumptions are made coneerning zffective
values of ertain quantities for a total focused beam. Somewhat
renuous arguments must be used. An example is given here considering

the beam of Fig. LIT B.2. With the mechanical velocity selector om,

o _ _1 Kv sec
at high oven cemsitl'ia. 2, one finds 5 = 285 m. " But for the
o _ 1 Ry sec 2 _
geometry used, —— = %83 . where Va = Vo assuming 2 second
order effect.
2 {z)
VA S = A
VA 433 L6 Kv (TIX C.1)
(2)
\/o = 0.97 kv ({IIL €.2)

That is, the 1.63 Kv acted the same as .97 Xv would if only a second
order Stark effect were present.
- Assume that one can take effective or average values of /aeff_,

< ecos B >, the force constant, and ¥ for the detected beam even though

PR ———— ———— e




IIT C.2
Fig. IIL C.1. TIntensity of |010 > signal versus V .
A chart recording from the first trial of the method (with
mechanical velocity selector on) illustrates the "isolation™ of the
|010 > (or |000 >) signal. The recording was takem with very poor
focusing resolution between the (i,0) and (2,0) states, yet the (2,0)
peak is not observed with modulated microwaves. The observed intemsity

distribution could be somewhat dependent on the microwave frequency.

19

010> INTENSITY
vs. Vo
o
o A
{s-: fe] S —

s —

-— TIME

030

R

10

=

Y

=Sg-,  0.80

0.70

e

III C.3

Vo

BT 060

Fig., III C,1




I1II C.4

thev vary drfferently over each trajectory (The averaging i1s not ip-
dicated for each variable). Using Eq. (II 4.4)

-

Mozs® o7y, Aot 165 o
A ees®es ¥ Al s | g
2

0,97
MY ¥4
(’65) = O 346

~

Force constant 1.65 Kv

Force constant(z) 1.65 Kv

(III C.3}

Since < cos 8 >

< D, s .
o w6 = s | (e (e
Crl B =
e i A Pes —. 27
< cos B > = ={.0692Y

165 L.65 {LIL C.4)

Then from Fig TI A.1 or rhe skerch, Y = 2.7 at 1.55 KEv effectively.

{eet ) —»

I

-D,.?_o;

1Y ¢.5
Y at a given positron in the field is proportional to E which

depends on V . Then at 1.2 ¥v one might expect Y (effectively) to be

[ 2 Av
X.z“ T ek 77 = /,.77 (I1I C.5)

how we may return te Eq. TIX C.3 for 1.7 Xv vhere data without

mechanical veloeclty selection were obtaired.

{ e, , < coa. 62, o mw2eF
(et 3 ZEF ). =374

| I— (I1¥ C.6)
AVA V) oAy
\/9 / KV . ate
—y = 35= C ; (X1I C.7)

= L2 Kv = 422 TZE..

o
V= E3S2 kv (T11 C.8)

v
3 Note that this value of —vg ig between the sacond order result and

that at 1.65 Kv, as it must be.
Alchough this “calculation" is only very approximate, 1t agrees

well with a second calculation based on the fact that the experiments




III C.6
at 1.2 Kv were carried out at the velocity at which there was a maximum

in the intensity. For a maxwellian velocity-selected (by the field)

beam, the most probable velocity is

o=
Vor = 2 -/—{i—- (11X €.9)

(R = gas conscant)
where m = molecular weight. This yields vn_p = 426 s—:t which agrees

well with the approximate valve of Eq. III C.8,

2. Velocity reselution

Some informarion is easily derived concerning the maximum valocity

range (A Vmax) that one detects using the fowr-pole focusing fields

at constant VD. This range depends stroagly on the minimue allowad

amplitude of the trajectory.

Consider Fig. III C.2. Assume all the angles labeled f . are

min
equal, This is a good epproximation 1f A >» 8 ,5 . For small B .
win o’p *mi

at

gb:ﬁm@.:éc;n =_.L_/i.

o Fopmam ZT ) )\D (1% C.10)

- L H(S F 0
AN = AN, 4N, = - ) (1Yt c.11)

-

111 C.7

One can calculate § 1n terms of A for small § (see inset, Fig. IIT C.2).

r’: A/Jnm 27z

3 (111 C.13)
£ _ T, —
{;(_Ez D ':—(;:"?‘ ""fg (ITI C.14)
(P 277 A
5 (I1T ©.15)
A
ave. 2 (s~ S’__ (211 2.16)
RV 74
or for “mln,
AVaax 2 (S.+ Ss) (EI1 C.17)
Y A

1
For the four-pole Focusing of Figs. II B.2 and IIT B 1, 1t 15

A

found that

AV, s
A"

- O, # {I1E .18

1 .2
For the apparently more coarse focusing of Figs. TII A.2 and III B.2,

one Einds

For constant vo and J,M state, Vo< >\ so0 that
A Voagx (LIL €.19)
= o, 2l
AVapx A g (8 +5) v
v = T = e——p—— (II1 C.12)
Qo N
N
[ =




I C.9

I1L C.8

w

A

:::aNWN 4

AVwsr o 0,27 .
v

This resolution may be compared with that of the mechanical veloecity
s

selector, FWIM = 13.7 %
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III D.1
Table III D.2  FREQUENCY MEASUREMENTS
D. Appendrx 2. Frequency information
Although new knowledge of the CsF rotational spectrum was not !”10 >—>|+"00 > frequency (GHz) o (iz)
obtained in the present work, spectral measurements (frequencires) were 0 11.0183% '35
"1
made o verify the assignment of pesks. It was found for onme ser of 1 10.9451 '3._.‘
“To
condirtions that at che expected freequency for the transitien 2 10.8791
[010 > ~»]000 >, the modulated beam intensity was one thard of the accepted value of o 35.247°
[ — e

. maximum intensity of the |010 > peak (see sketch). Measurements of

See reference III B.8b., fTne gmven traasition frequency
(for J =[=>0) 528, - p¢_ where B = 5.527265 Gz,

—_A— — — — — — —
INTENSITY 9 =E)z; g
o F /o,'o) }IA_?/ = ‘/—‘S‘-%L_l_‘ = 7?/6(DEY (11 D.2)

]
i fors

INTEMCITY For CsF,

2
AV CHHZ) = /. 229 E(-f-"',,;_) (III 0.3)

12949} 1H.0i%
-V (G- H=)

From this, it can be seen that to get a line width of, say, 12 MHz

E cah vary from zero to only about 0.1 ke (see Fig. III D.1l). For
frequency at analogous intensities for other peaks gave the results cm

. in Table IIL D.1 below.

The shift with electric field of the transition frequencies

this reason the transition could not be carried out near the axis of
a focusing four -pole field, where the fireld strength 1s strongly

spacially dependent.
measured in the experiment (| 4710 > —> |~ 00 >) can be caleulated

for small fields. Using Eq. (II A.2),F1TD-1

h o I1¥ D.1 Here ¥ is the microwave frequency, and 4% is the change of
AY =AW, = /éd—‘———‘ the absorption frequency with electric field,
i [ﬁ_ (o) — F. (e b)] (111 D.1) P quency




III p.3
Fig. III D.1 & low resolutron microwave scan.
A tracing of chart records at low resolution illustrates the

broadening due to the Stark effect, Possible peak shapes (dashed)

suggest that the broadening of a given 4~ peak '"contaminates"

mainly peaks of lower " than it.21f

11X D.4

A=

YV o——
< . Time

Fig. III D.1




III E.1
E. Appendix 3. Attempt at focusing of J,M = 0,0 state.
Originally a2t was desired to facus the induced Irl»“00> state in
the preceding work. This peak was expected at a V, between those of
the (1,0) and (2,0) peaks fusing a wechanical velocity selector).

However the attempr failed i.e., n. significant inteasity of /A)'U0>

was detected. The difficulty is believed to be due to a magnification

of the image which makes it diffuse and underectable with a small
detector.

Presented here are formulas for these magnification effects.
These might be wseful if the method were to be reinvestigated under
better conditions, such as with a larger detector. The same methods
were used as for the magnification caleulation in section II B.
Second order Stark effects are assumed so that the induced state
follows anm expomential (EXP) path in the field (see Fig. III E.1).
The values ‘1/‘r and ‘[/0 percain to the 1,0 and 0,0 trajectories
respectavely (although <}/, could be for amy state focusable by the
four-pole field, etc.}. Magnifications for the present apparatus
are presented. Here 1t is assumed that the voltages (Vo) on the two

four-pole field assemblies are .qual (then, 14 = 1.285‘%). b path

length of ~107 cm is assumed with straight sectioms (ST} of ~20 em.

LANK PAGE




TII1 .2
Fig. III E.l. Trajectory types.

The magnifications Ffor particles in the (1,0) state (A, B, and C)

and for particles starting as (1,0) particles gad becoming {0,0)

particles (D - G), can be calculated

III E.3

SINE
=0
SINE
B sT %
B 'i ‘IE
t=0
) SINE _
H L)
D i iz
=0
SINE EXP
o 4 | 7,
B *1 1
t=0
SINE
¥
£ sT A EXP .
L
l;=o f 2 ®

Fig. I1I .1




III E.4

Tabie IILI E,l: MAGNIFICATION EQUATIONS

Table III E.l: (Cecntinued)

1Xi E.5

Case,

Focusing Condition

e/ A
2!(7/., = L.
tan 20 ¥ {45 -, _ - 2TV, E
tan 25 1‘ '(‘:‘, = —27 —;; ’5':. )
e —
tanh 2Zn “3/, (fz_—',r:‘ = = 177_7’:#
- V‘
-1, - [ Y
=Yt = 2V (g, -

2 Y2, T 2 Y (T - 7))
o 27 V. (T3 — L) +

tanh 2 V. (T3 —-Z"_.,_)

2 Y, (t5-%,) =TGR 2w Y Y

R/ 2 (4, -%) +

2w YV, (1 — & Y lam 2772, 254

tanh 21(/!/9 (t'z._'tf)
Y, (£,-F) = -——-mzv?/t‘

+ tank 2= 1/ (‘t" )

Case

Magnification

Hagnr L ieatror
(Present Apparatus)

o= 1.285 24
a —-—/ -1
b Cﬂ—- 277"—‘VJ,I C i_?_ —'t;) - .8 f J,IH0=
-/ M
c (cor 27m ¥ T, ) .
4 Cerd . Zﬂ—‘f{_t} ‘:l:r",zz 277-4/6 (_‘T:v -Z:’j __—.i
L g am U, iy BT
Zh ‘ |
€| Coo 27 (1o -Zf})c.ovaZZ?T"’/f(%‘@; -6
- _/f.: MZW’%’[fz‘t)AJJZﬁ%('Z}—t)
A
t | a2z Y 6 comdamU (G-F) I Iu =

._._‘/_{/_ e 2 Apﬂzln’l/ (. -1’1)
-,

Hlt-th) 27 e cerd 27V,
ol amts (T ~%)
(st Y e 2T T

cord 27V (Ea =T |
(ot -;_;r*y,f;aa-’l—zlﬂ'%[tz“—‘;—/‘ i
cam (- T) At 2T !
Lond 27U (tj—z_‘) i
- Y ot 2T V] 2 l

(]

M 277 Y, L't:? —'i-;')
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IV A.1
V. TWO- AND TEN~-POLE FOCUSING

. A. Introduction

it 1s well knowrn that the four-pole field, previously discussed, ;

does not have the capability of <oci* sz diatomies of positive Stark

energy (negative f2 (J,¥)). The folloniog paper (setiion IV B)

-
- - .1
discusses fields whicn can do so, although only weakly, 1v 2

b Y

focusing geometry used 1s shown in Pag. T3 a1,
. additional information conc.cning chese fields is given ia the

appendices of section IV.

P S ur B -l arveraibitio

T e e T T R T

IV AL

e T W 0, 5 A

= s——————————

Titis focusing work was Bagon by Dr. K, H. Kramer using a
two-nole field. After coaciderable experimentation, it

"ELLL 'zar that this type of field geometry was not
entiely satisfactory. He then designed an improved field,
the ten-pole field. The writer made a number of calculations
¢oncerning the field, came to the cdnclusion that it could
indeed focus and separate states cf positive Stark energy,
buiir it, erperimented with it for many geometries and condi-
tions, and showed that it functioned as designed.
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fen-pole field focusing geometry.
A slit geometry for the detector and beam stop 1s necessary

to detect che resolved (0,0) and (1,1} . states of OsF with ths

Fig. IV A.1l.
ten-pole fireld.
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*
C. Apzndix L. *ocusing >f Polar Diatomic Molecules with 2 two-pule field
v 1. Electrostatics
Consider an infinitely long, straight, infinitesimally thin fila-
ment with a certain charge per umit length. 1In such a case, the
B. "Selection and Focusing of Polar U:atomics in States of Positive
Laplace equation, V2 ¥ = @, reduces to
Induced Electric Dipele Moment _sing 2 Ten-Pole Frzld," by

T. G. Waech, K. H. Xramer, and R. B, Bernstein, J. Chem. Phys.

S
M = 9 v .--———pv = O 1
48, 3578 (1968). 4 3—}; + V3r (I c.1)

wnere V is the electrostatic porential due to the filament at a distance

r from the filament. Tnen

V=4 In 11 + constant {Iv C.2)

Now consider two parallel filaments {perpendicular to Fig. IV C. 1}
at the points 0 and Qwith positive and negative charges respectively.

Let the charges be equal in magnitude. Then
{See journal arcaicle for this section.}

A “'12
V=Alnr, -A1n3:2=5 ln—2 {Iv C.3)
r
2
The equipotential curves are
2 - 2
Fy r_ (X=2e) Y W C.4
o= = ( -4}
2 - 7'-\‘ 1
s Pl

+% Based mainly om work of K. H. Kramer and R. B. Bernstein; also
H. Friedmann, 2. Phys. 161, 74 (1961),

1
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Possible two-pole field rods (and equipotential lines) are given
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by the solid or dashed circles whose comstruction is illuskrated.




IV G4
= 2 2 a
2 a ) ' __ el ottt (1¥ C.5)
— - — .
(X * =] y /.Vv\_x -1
Mote that the equipotentials are circoles.

If one substitutes cyzlindrical bacs or poles coinciding with two
of the equipotencial surfaces of equal radius for the filaments and
lecs the poles have the corresponding voltages (_“f Vo) the fieid ocutside
the poles 1s unchanged. This is ba2cause the boundary conditions are
equivalent.

We w1il new Jind the constant A. Ler R = radius of the poles,

n' = o corresponding to the surfacz of one &f the goles.w ¢t
7
R = iﬂ;__i__ (IV C.6)
~ j}
2
2 a. ! ! !
ad= ja+t —3 ’:i’”‘: o (v C.7)
At =] |/”"\’ —I
a2 —g?=
32 - d2 + Rz =0=
(2ad% - 4ad®y + (2adR - 2adR) + 2a° + 2aR% =
(d +a) (a% + d° + R® - 2ad—2dR + 2aR) -
2,2, .2
(@ +a) (2 + 4% + R® + 2a¢ - 28R - ZaR) (v c.9)
2
dro _ forod ~R (Iv ¢.10)
- a-of + R

1V C.1 Not to be confused with the mass o,

v C.5

-V ——A/&( '0{+£)= d_/g\(vf‘“’ (Iv €.11)

e+ ol — R

Here -V is the potential on the pole on the right side of Fig. IV G. 1.
[s]

2 Ve 2. Ve (v €.12)

TG (et

We will now derive expressions aseful for the discussion om

focusing.

Let §=§, ‘}l=§ (v ¢.13)
2 =
_ i,&(f TN ~28-+] (Iv ¢.14)
2 Er+NT+2E +]

s
The compenents of the eleetric field (E) are

E=

2 T
v _ _ypv .24 _I-E+h av €.15)
N
sy _ 3 2v _ £h .
gy o ’}l - (v C.18;

= T2 e Bh R

VEM 5 =-———-’[1 25% .1)7+§*2_§ ’)7 ] % {IV C.17)

*T JE

PX - 95 (Iv C.'la)
9E _ 1 95 av c.19)
5y T &R

£




S - L 1-as eyt N Y,

[r—-g>~%7]

gL

. For small £ and ) (x ané y smzll compared to a)}

:;2; — e - o %
22~ A s(lres iy

PE ~44 . e o
oy -;_:;‘71 IrHE -24 )

where higher order terms have been neglected.

-3
=

-4 = - L 5 ..3}
2y = —g[;—;g’?ﬂf S s R
- [: ! fgﬂ‘}q”}

(v

{Iv

[

(IV

EZéé _ ‘?/4 zgg? _ 2:_ =
E5x = 3 =& =)

o -2 ER N E 2 ’J “

—_—

E2E- A _lrgtey

. For small g and —)z , (IVC24) and (IVC25)- teduce to

i

2E___ P4
E;f’x"’

where higher order terms have beer neglected.

e’ 2552y g 2g ™y

K] [/"‘3-{5'.1‘ S")‘ILJ

(v

(Iv

v C.6

c.20)

c.21)

£.22)

C.24)

C.25)

C.26,

€.27)

2. Tocusing W C.7

We wish to find the path of a polar diatomic molecule in a two-

pole field. Using the methods of section II, the force (F) is

T= —Vw = — " e ReAD R (Iv C.28)
For, )]
. —2T s DE > :
¥ = cTMEZE = (Iv-C.29)
725 SR VES I
;= —2/4/92- 2E 0’(1
£ o ﬁ(-’ﬁm)EW - 10{ J’L (IV C.30)

where m is the mass of the particle. E%" and E ;—3 are given in

(I¥ C.24) and "(IV C.25). For swmall x and y compared to a

2 ., BATE _ 94°%
E 5z = = ~7 (IV C.31)

e, ~BATY 74
Iy ™ % = YA‘{J" (IV G.32)
o

52

Contpur maps showing level curves of the bracketed parts of Eqs.
(IV C.24) and {IV C.25), which are assumed to be of value one in
Eqs. (IV €.31) and (IV C.32), are shown in Figs. IV C.2 and IV C.3
respectively.

fme can solve Egs. (IV €.29) and (IV 0:30) using (IV C.3D) and
IR ¢.323 )

Case 1 EZ(J,M) <0 (e.g. states (0,00, (1,1}, (2,2}, - - .}

x = 'X,c.-u(z-;r-yz‘; +2-;—; A-'-/(zﬂ"’f: (IvV C.33)
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v ¢c.10
Fig. IV C.3. ZLeval curves of ———t—— ({two-pole field).
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For a harmonic force this quantity would be independent of £

and)? .
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IV C.12
Y=lCmJFWT+i£ A 27TV T (IV C.34)
27V

- .
where Xy ¥or ¥yr ¥, are the condicions when a particle enters the

field at t = 0.

(IV €.35)

= 2A 4o L//?ZEE_f-:Eizfii_

@ T

The solurions are expon<ntiaf :m tae ¥ direction, but periedic in the

P aa ™

¥ direction, If the detector and oven have large X d:rmensions as
compared co ther: ¥ dimensions (yoﬁ 0;, 1t shoulid be possible to

. focus states witn negarive :'2(},}1) {gse Fig, IV B.1).

Caga 2. 52(3.}!1 L) Then
- x = x_cos v E 2;’;(_:‘-’— A 2TV (Iv C.36)
g e 2 27 VL a7y
¥y = yc eoer, 23V g ;;7_7 (‘[V c o

In case 2 the oven and detector should have large r ditensions.

Hote that "Vl corresponding to the frequency of oscillatier 5£
. the molecule along one axis is
L

(Iv ¢ 38)

- g by

— e

e ot



v C.13

for focusiag, asera & =nd L are the same as defined 1n section IE.

Using (IV C.33)

»y v . HVL 2T A (HEM)]
= zL
ol e T
o’ r,&s(g, = o
I C.E

For focusing cied

, 2 5 felraly 7 3

f2= P /\—/"\\9_{‘&,/‘ /’1”\-11 = - (I C.40)

- =D .

M/j‘z —— J’ j}z (TMJI

v L2 —: az. o e ofulited Brem (EY o 40) aco Table II C.1, or

OneE ma dxL “he EqGﬂll.On

v
-;° 083 Lo £,05,10) l %

§ - o (P22

vole moment (debyes)
i - polecular weight {amu)
1 . zoment of fnertia (amu )

\-n

Kote that § /7, and £,01,4) depend ravpectively upon
apperiius, molecale, and rotational state,

(IvV €.39)

v pl
D. Appendix 2. Ten-pole field focusing--electrostatics and force laws.
lLet a potential be written in the form of a power series in two

dimensiens rncloeding up to fifch order rerms only.

V= 0, +8, E+ 0,0 + a_jg-'”_ba.é,g)' + aeH T4

AE SN EY AN+ 4y B
S 2, 3 ~ 5
E N 5,8 N 4 B0 2y ’74"' e E
_“ d z 3 o 5
A E Y 2,50, E e, )
(xv D.1)

il
TeT & v -
WileT £

Wi

N '—)’1 = ;‘: arve reducad coordinaves, and 3 12 2 constant
wilch defzrr aes the physical size of the field., Some terms must be

2ero Lf we impose the symmetry of the two-pole field.

V{(},')‘i s =9, ao=a2=a5=39=614=390=0
WE ) =V(E -y Yt a,ma, = =aa=ag=a,=0
WE,NI=VEE, Y ko ag=a,a=a,=0 (v D.2)

Then

By =& By=-2038N -2, EN s, TN

~




.‘

= » 2F - - - 3 >
g—;"g = o .g_x...x = ~f o, E-20 “1:?—5‘*‘-,7 E’}[
QE 1—95 =

£ . A= -20 004, £ <}
fre -5 0 e’
PEy _  *PE
—_— = = - 6 "'5 /“
e DK f-;za”‘)q 7

o

v D.2

(IV D.5a)

FE 2 3 2
N _ ot BE _ pa,E-26,8 - 1Rag BN

7Y Y

In ~wa zhseace =2 a changing magretic field, one of Maxwell's equations

:a” = € (nere QE ""’1 g) , which is already satizfied. In a

Fy “ox

reg.5~ of zero cnarge density and constant direlectric conmstant,

specner of Jawwell's equations :s V- E= 0 or

g * e

Then
(62,+20;)E + (20 Fug *2

-

Gy ) &7
+ (€ 6,y + J.'za.,?) s;:')?i'

£o: all *’5",’}1

. .._: = —536
a” = -lOals
dyg = Py5

{IV D.6)

{1V p.7)

(IV D.8;

IV .3

If Eqs. {IV D.4a), (IV D.5a), and (IV D.B) are substituted into

Eq- (1L 4.3), and only terms of third order or less in§ andj'l are

included, one finds

g—mgac L E (5 ‘iﬂ_s_'.,.

Tt )ET

[~ % [~
....(jo,_...’_‘s:__ aﬁ&)ﬂ"] (xv D.9)
= " r f Q) o - (2 2
F,h . om < cb")ZL;-,-\/o._._..a‘é 3?”1)§
fo Q. [«3
= E:f rf)}lz’] (IV D.10)

To get rid of the main & term 1n the 7‘ force equation and vice versa,

one may let

a a
6 1
a
Leto(=a—6
1

w51+ 4 <57

y[ ) -4 R*]

for small £ and '71 .

(v D.11)

(Iv D.12)

{1\ D.13)

{I¥ D.14)



-~ A ma m eema o raaaan ma—

-

IV D.4
Using (IV D.8), (IV D.11), and (IV D.3a), one finds
= 3 L S
Vo[ F e xET-sxEY + E T
. .3 2 - 2 2f
33X E N X EMN ] (IV D.3b)
. where a) < V, where V_ is the potential o the pcles of the
field ol

Using Eq. (IV B.2b} one san fing the exact force law in the field.

E

Eg = a,,[_,' - Bx Ea3x Nt ‘?od’“gz")?.‘;%x’)?ﬂ

(1Y D.4b)

By T Sl SN+ (e —exTE Y]

“

from which we may find E:
- .-
E*=ar, [ [+6<E = 6= 5o e 4o < HH

-+ 7-<3§‘+‘7o<::f§4’)7"-_ 7»&352')7?—-'?&{2775

+ G E g Y T 2 ey 9 E Ty

(Iv D.15)
L9 t]
.

I¥ B.1 It 1s convenient if a. = V_, but not necesgary. If Instead
one let a; = W, this would correspond to displacing the field
poles cut“from the center and changing their shape. Except

for particles which may strike the poles, the trajectories
and E are the same for a given ay-

v D.5

Note that ¢iV D:Rpand (% D.15) describe a capacitor fo. &% = 0.

P
PEe _a, [ b T T ]
= [ - bXE = '

R =
" PE, =,z L+
E =,/ (xp+12"EY - €=
>N [ ! )7 )7 {IV D.5b)
95‘;1 = B
_ mE
RPN-T _+/,_qu71;:\ (1v D.16)
wherg m = parcicle mass,
S A T = 2ATHTM) [ eI
-y (A oFom (% 7= 7
(Iv D.17)
= PE ZE; = A
ok, B et = ]
from (II A.3). If we ler
2
% - ,_.-};?—/&/gz'jc,, (om) a, £ ~ /Z,IM (Iv D.18)
Crb/zl') P W CL‘( oW

then

£ ~ KE[J+4 (748 9<% &>
~ 3 Y e 3 E 1T N TIET 12 b
W =KW1 b5y T 32 b gy

_ 3‘{3‘;6__ qd.:fg.g_na_ %a:'g-‘?")] 7_30{3.)]6)] (v 9.20)




- v D.6
The brackered paris of Eqe. (EV D.19) and (IV D.20) are shown in
J1e~ IV Boa oanc LV DL2.
Note that since o 2L , each of the two equations above goos
1uto the ather oz of —> --d/ '}_; __,_)E/ gﬁ’)? .
This supggests that one can buri. ta. different fields with identical
10-u51lnf prope Lies by rotating one field on its axis with respect to

tne otagr by, w0 and changing the sign of C7ﬁ (see Fig. IV B.3

. ane r.g. L D &),
Just as for the zs -~z.e T1eldf, toe firsi order

¥

e =/f”g

== (I D.21)
'—)’:’ =K 'J’,’ (Iv D.22)
for pusi-ive £ (I8, <C)
-y - /‘.- . +
Ne Y com B+ o _ain fi0 &= av 5.23)

= =§' a—bzf/::?'-‘f = szft (IV D.28)

: 7 » TV D.
w o= 0, "}1,_._ s o VITTE (IV D.25)

Feor focusing, V% = 7y (Lv *D. 26}

IV 0.7

.

F
g P
Fig. IV D.1 1level curves of == (or ) for ol =- 1/3,
# Kg kym %

Hote on comparison with Fig. IV C.2 that the ten-pole field curves

indicate a more nearly harmontc force in x-direction over a wide range

of - &= andj’l .




—e

ny

et

v 0.9

. Fig. I¥ D.2. Level curves of .?L(or = Yfor'a= + A
- kn kJ,M ay & -
The force in the y (or'}l ) érrection is nearly harmemic for 7‘{

not too large. Compare with Frg, I¥ C. 3.
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D1l
Fig. IV D.3 Ten-pole equipotential lines (@ = 4 1/3).
The numbers next to each curve indicate g ; Where V is the
potential {in the experiment al = VD). A V = 0 line is shown near

'71 = 1. This suggests that one mrght replace this ten-pole field

1.0 T I T with a two-pole field and two grcunded planes.
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1V D.13}

A ¥ .
H t A B Fig. IV D.4. Ten-pole equipotential lines fored = - 1/3.
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iV D.15
Then, for the ten-pole field (with a; = VD)
\A ek R #2%

2 = Lt 2L ¢Iv D.27)

——

V. L. Vi Lz

for focusing of a given state where the voltage on any field electrode

is +V .
- e




v E.1
E. Appendix 3. Second spproximation in ten-pole field focusing.
1. Trajectories (')‘] coordinate for EZ(J,M) < )
1f one neglects terms above third order in ')/l and £ , the .
equations of motion for a heteron.clear diatomic molecule ('Zscate)

in a ten-pole field are (see Eqs. {IV D.19) and (EV D.20)x

® =3 = K& ()raa &) (V1)

N =-KN()-sen*)

(IV E.2)

whece & depends only on the shape of the frelds and K depends on

the apparatus, the molecule, and the quantum state (J,M).

Two important facts should be noted from these equatzons:Iv £.1

a) The g and 77 morions are 1ndependeat of each other in this
approximation.
b) Trajectories with turning points in sither cocrdinate (e.g.,

LI
FT

I about the turning points. To see this, note that there 13 no force

0 at a turning point for ']1 are symmetric in that coordinate

along the z axis of the field. Then v is independent of t and of 3,

—_—— = (v E.3

IV E.1 The corresponding equations for the two-pole field are:
E=+K (1+5g*-37*)

Ho=-k'Crrzetosn)




i IV E.2

oL ™) ey
—_— =y o _ 2, (IV E.4)
L2 T oy = AUy

iet z =z, 2L a tuTRing poiat {isbum_ng one exists). Note that the

iast gquatic i3 che sare for drfferentzal changes in the + z or -~z

directions as are the sonditions at 2 = Z.o

v (‘_5(_’1 = /fe_?f__) /Y -5 (IV E.5)
of & z, o= /fzo 0{’(’-2) -
[herefore the trajector.es ia the + z ana - z directrons are 1denti-

IV E?2
tal, 1 e., symretr:c and about z,

from thiz point un 1n this section, the main concern will be the

’}‘! equzrion cf mstisn for positive K and of and 4ol ’)(2 < 1. From

&V E. ! on. fings

S = 29 NG ane

k[ O3y 7 9
= — 2 - + =
K Yo )

_z/«mz-mgf . Y=

KL W 20O T Y e

IV E.2 1t 135 not veceseary that £ )

_ 4 E
G, = (d(_z>)20 since the
= and ')1 motions are independent.

1 E.3
whi
N 7,{ (ﬂ) {IV E.8)
- = 067'-_ -t-fo
du = 0&‘_}’{ (IV E.9)
Voo - KOpr-mZ) +zxa ()
Let D' = ')’{j_ + ’)701' - 2 ’}}-:” (iv E.10)

X
k= 06,71. (IV E.1L)
= = =
Then t Iog 4‘: i.f_—}( ;‘Da —jf . 9677‘{

Eq. (IV £.11) may be recognized as an elliptic integral. It may

be put 1nto a standard form by substitutions so tables may be used.

D""’.P[Z.'!" 2.%)1":3,(/' %;—f- %")’(q) =
DI(/"Z’Z)]L)( /- hTyT) =

D’Z,/ _(2,-:__'_4:.)717_47%1_)1 ‘ij

(1v E.12)

E.13

Then 82 + h2 = % ! v )
gzhz _ ‘___QD‘?f (IV¥ E.14)




e

b

The last equation must also hold for /; replaced by gz.

(v

(Iv

-k (T =7 B =i

A 24 7
2 Chr | B ) = ST,

Let n )] =T
d'r:hd)l

let &
b

!
-
ih
-

/= Vj- 84D’
V- rxp’

Sub?tituting (IV E.19) and (IV E.2Z1) an (IV E.12), one finds

D’—- —)114'2%,)] L’ED/(/-‘JQZT‘)(/- ,7_,_)

Using {1V E.20) and (IV E.23) ip (IV E.11):

-

L= ——Z‘j AT
Ko /‘;- U~ 2790 7-7=)

(v

(I

av

(w

(w

E.15)

E.16)

E.17)

E.18)

E.19)

E.20)

E.21)

E.22)

E.23)

E.24)

IV E.5

let T = s =1 (1¥ E.25

L (5, -pi ) =

NA

i
(/_(_(_/;‘lT—lf__ﬁfT))/( Pl =7 (£.8)) {1V E.26)

where F = elliptic futesrzl of first kind,

F k%) =Kk v .27

1

x

It is knoun that F(h,mr) = 2o & (AR) (IV £.28)

where m = integer or half integer so that if one integrates over =« in

(IV E.26), one finds ¥ 7 = f:[.'K (£) vhere 7’ = (IV E.29)
L

period of motiom, since T, (and therefore ')1 ) goes through a maximum and

'}l comes to —'Y[ o over the time 7. Since T = 1 at its maximum,

SR S —
max h Jt V- gald’

One can 2lso Jerive thas result by noting that ’}1 =0 atd)f ='}7max

5
i~ ,r,-:}';;a;‘ (v E.30)

in {IV E.1C).
This discussion after this point will be confined to the special
case for which ,ylo =0 (z.e., infimitesimal slat width).

L

DED|(11°=0)= Tf{.

oy



IV E.6

The distance the particle travels before returning to 'Tl =0 s A

—

=

_2\_. e Vvr - 2v K (Iv E.31)
2 2

4
where v is the veloeity in the & dizaction.
According to {IV E.1), the trajectories should be sinusoidal for

low <X or negligible 7’{2. As &L —> 0 (with K constant),

we can see from (IV E.22) that k—= § and from (iV E.17) that

4
IV E.32
A — = (B

From (IV E.30)’)1 ok~ Jyp = ’77» (IV E.33)
VA

v E.3 #
From (17 E.26)- £ 2 /- (IV £.34)
173 j L9
T evTdinTT (v E.35)
')? =Z]—A-;./7(’-i:= D2 Vi (IV E.38)
rrom (V E.34): L 77 —V'W-—j(:-;— (v £.37)

IV E.3 Note that (IV E.32) and (IV E.33) correspond (as they must),
for suitable redefinition of K and a, to the first order solu-
tron te the two-pele field.

IV E.7

4 Ll .38

Thea *V B ,f-;__=_v_3:_.,,__/:d (IV E.38)
_ _77/

Let us define A = )P:('“r___,‘ - //V(X—,,) (v E.89)

Then, using (IV E.30) and (IV E.3)}

zv K )
. h . 2EE (v 248

VT N,

Using {1V E.17)-

= 2 7:'___—@—/__(_/&) (Iv E.41)
A ‘1[H Vi -TmP 7

Note that k = k{ oL D ) froe (17 E 22}, Thea

A = A C""{‘.’) (IV E.42)

- 1 _ 3
which is an importamt rasult. If 22D = 8 then k = 1 {see (IV E.22))

. K f)—> o {1V E.43)

b
and A _— (v £.44)

The solutions are plotted 1r Fig. TV E L.

e 1
iV E.4 This result alse follows from (IV E.30) since Kk ,_-9 =2
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iv E.10
Solutions for <2 D > % are not given here.
Hote that for K= J-? (IV E.45)

7
D=z (IV E.46)

=

From (IV E.30) '}'[ =)z D = Wﬂi (IV E.47)

M4 X

~— -
o Hx 7 =/ (IV E.48)

Ay

Compare thi ;
p is result with (IV E.1). The corresponding “J o Gon be

taken £ E. ) "
aken from (IV E. 46) 779/‘”4‘ = ’%&(1 = maxmum)?b (IV E.49)

abave which particles are accelerated away from the ')1 = @ plane
A sketch of the trajectories for the second approximation may

help in understanding some of preceding.

1] L
' = . ~ Nz (28 =‘§)
N—— A

1

v E. 11

in addition, Fig. IV E.2

Trajectories ave for ong state and velocity.

shows trajectories for both first and second order approximations.

3. Trajectories ( & coordinate for fz(J,M) > 0)
The &= solution for negative K s very similar to that for
with positive K. Note that Eq. (iv E.2) —>= (IV E.1) if one makes

the following substitutions.

A —= —ol
AN — EE £
K(”') —_ — /((—") (1.e., K 1s now nepative)

- 2

=3

D —p -—T"- (a positive value) (IV E.50)

D’—-—?_g +g:'* 24,&"' (IV E.51)

Equations (IV E.3) to (IV E.14) hold with these substitutions. g and h

w1ll.be redefined to keep 'g real. The new equivalent to Eq. (IV E. 15)
™ o 7/ E‘L — _._——-2& q —
ig: Dl“g.—gﬂﬁg - D(f-—.ﬁ_; D} g)_
E -
D’(/-r;,‘g")(/* 4 =

DJ(/-:‘ (;/z-%l)g—":.;/yzg"’) - (I E.52)



Fig. I¥ E.2 Ten-poie field trajectories.

4 sine wave and a second order trajectory are

same ’}io (with D= 0.1875, ¢ = +J5 ). If K (or V) is raised

A or 7.

(D = 0.154), the trajectory shows focusing for a smaller

Note that '}? + is proportiomal to =z here.
a

shown for the
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IV E.14 ST IV E. 15
hs /- Y (IV E.62)
T o 555 V5. Cr+ i+ #207)
- —! + Vs 9etp’
¢z ,;’— = < f (IV E.63)
v 2 << \// v 7
;/ ho o= 3 (IV E.54) % Tv/rExD
Let %;::;' =7 (IV E.64)

2 2 2

?’ = D4 (IV E.55)

- ﬁ AE = AT (I¥ E.65)
Subst:tute Eq. (IV E.55) in (IV E.53). - :
. : Substitute (IV E.63) and (IV E.64) in (IV E.52). '
2
o o
’ﬁ - "f‘:" - %’T =@ (IV E.56) 3 / 2 a S
P/t 3 E ) /- 47E7) -

A4 = L —DL, @)+ %):ﬁ.({i’l}ﬁ $25))(1V E.57) ‘ plci+ TN 1~ 7) (IV E.66)
Similarly /4 > /1, (1V E.58)

_ The £ wntepral equivalent to (IV E.27} is
. 7

Yy z
VAR ] SN rass oo B

-

7 "'4.(",‘,"""‘ J‘)+ ) 5 (-1 213 3 )(IVEéO) § Let cos § = T (IV E.68)

. Egs. (IV E.53) and (1V E.54) atre satisfied if we use only the plus signs ) % 2 <
b
or only the minus signs in (IV E.58) and (IV £.60). The plus signs will /e

be used so g and h are real. : -

s= /= (<1 4ViFEkD ) av e L (-

(IV E.69),




iv E. 16

Then (IV E.57) becomes

) (- d4%)
f V"’(D }! [ ).f_ < =-¢ =
{ -otd) -:

¢
Lf/)" 4 it - g -

é
! / o)
1/:'7(’97/7/}‘1"‘:1' ¢!/}_.. i/_gﬂ'__:_‘#

J+e*

L /“‘ [ 44)
Vk o' BY1+e Jg ]~ ke

oy
m( F('fgﬁp) 'F(’f'{,és )) . (IV E.7D)

Using (IV E.62), (IV E.63), and the last part of (IV E.51), one finds

Fehd) - FUED)
VekV 7 +3 XD IV E.71)

T =

(Iv E.72)

P (£=2)

iv E. 17

Using Eq. (IV E.283), one finds

2
/)_2’ 7” _____—K(_'é;)_- (IV E.73)
V-KkVI+8xD
Since T = 1 at the maximum £° for each trajectory,
- A 2p’
My h }‘ﬂz—,*_ S o7 (IV E.74)
P a2v K4
= -—',';_v';—— (IvV B.75)

[f—!{]]}-r Fot D'

.
For X —* 0 with X kept constant, or for negligible E compared

te I, one finds chat k_-—ﬂ-O (IV E.76)

from Eg. (IV E.69). Ti;en from Eq. (IV E.71), for _g. =0,
-_— =7l = (v E.77)

al /=K
since _Z( o) = z (IV E.78)
F(o’ #) = ¢ IV E.79)
and

h — A VD (Iv E.80)
£ e (VR E+E)IF 22 KT ey




Using Eq. (IV E.38), {IV £.75), and the equation

—
P L& — L4 W E.82)
= =& Y7 nza ¢

one finds ,£
2 K¢f) (Iv E.83)
A = YT+ 3<D

Since k s a functien only of oL O (ses (IV E.69)),for '}1°= o,

-~

A = /1(9449) (IV E.84)

[d

Iv F.1
F. Appendix 4. Alternate gradient focusing using two two- {or ten-)pole
fields.
A rather gemeral analysis of alternate gradient focusing of beams
of polar molecules has been presented by Wharton et al:E'v F1 The

following treatment 1s confined tc the consideration of one arrangement,

whach was thought worthy of experimental investigarion.

The configuration is shown in the sketsh. Consider the result of
L / —
) M Lereeron
BEAM
% e

-..._’[__\
VEM
Ve

- <

an experiment with a second two- (or ten-)pole field rotated 90° with

respect to the first for a diatomic with negat:ive fz(J,H). To first

2
£ : A o
order, froma to b "Z—E’E’-h = — K f)/l (I F.1)

- 1 ‘ 1[7(" 7 (IV F.2)
t)’( _Vz_;;—:_ P o

IV F.1 See reference IV B.9. Alsc see A. Seprier (8d.), "Focusing
of Charged Particles,” (Academic Press, New York, 1967),
Yol. 1, p. 368.




IV F.2

/){ _ 77; o }/'f?f" (iv F.3)

;;_ﬂ;. _ }(7( IV B.4)

N=Nycrd VR (2-2%) + %{__Mﬁ(t——iz)

From b to c:

e

. 1 . =z
. N R, iV 55, Mo g yiot,, ardifTE22)
2 = (IV.E.5)
Set 7’{ = ©o at ¢t = tcj then

- Lan I/Tc'cb = -tanh V K(tc-tb) (IV F.6)

Bete that this condition for focusing holds independent of ’7’[» .

If one knew t, and t., one could find ¥ ¥ (and thereby the

necessary voltage V.). Assume = L.t aod tanh YX t. £ 1 since
¥ o tb 2z ¢ b

Vl?l:b > TF to have % ] between the two fields and since
=

tanh Z= >0.96 | fhen tan )X '-g‘ . | (IV F.7}
T. « 2 -
. l//’(‘ = =% rather than the ‘?E (3V F.8)
for sine wave focusing).
A= VF = a2y (IV F.9)

iv F.3

- Z 7 Y (1V.7.10)
= = T
’/7(’ = = )\
For the normal configuration (both fields "parallel™)
. V -
l//? = 27T (Iv F.11)

since YK o= V>

_ 3
v = /2 A

.12
° alt, ® normal (v F )

(BL) <V vty ik VR etz )
71'0 cor Vet cod VE (£, -22) =

W, (acnFr aid Zrs e Zerd FT) 20 gy w1y

The slope of the trajectories at the detector is nearly zero.
It 15 algo possible that the positave f2 {1} states will

be focused in the same plane (see sketch).

[;

EXPONENTIAL SIne

—ir ey



=
. ’ tan YK £2 = -tanh YK Zp. a8 before
= $ ]

so that one e«pects V = 3/ v
L] . o
alt: - normal

- -

Note that '77" 2 :)70 cosh )/ ¥ tb cos I/ K tb—
sinh ﬁtb sin V_K-tb =

:!/%7?, (el Zgm +. 00 37) = Z5H o o

IV F.4

(iV F.14)

(Iv ¥.15)

{IV F.15)

IV F.17)

(Iv F.18)

{1V F.19)

(IV F.20)

(Iv F.21)

(IV 7.22)

e

IV P.5

This would ndicate that one might drcriminate against positive

fzi T;M } states by allowing only trajectories of low slope to hit

the detector (see sketch).

7(:2 (T,M) =0

The zbove analysis led te the decision thaet it was worthwhile to

attempt slternate gradient focusing of thz negative :‘2(_1,:-1} states

with ten-pole fields, The experiments indicated char :he percent
focused (1.e. focusing yield) was only about as much as uswzily

found (za 0.1%) in the normal ten-pole focusing; moreover, it was
~

not possible to obtain as good a resolution. The probiem may have

been that of a magnification of the image at cl.z dstezror, as
discussed in segrion TIT E. However, the results were imconciusive
as wnsufficient effort was spent in testing the method with the

ten-pole fields,




iv G.1

G. Appendix 5. Descriprion of computer program for iatens:cy dastri-
bution.

A computer program (in Forcgran I1V) has been written to simulate
the trajectories of particles in a tws- or ten-pole field. A sample 1s
given here for focusing particles of negative EZ(J,M). The inte-
gration of the differentral equations is carried out using the trapezoidal

.tule . The program'followg* partizlas wach giveas f‘;/ g‘u 7‘;3 . 910

and velocity, zach with an imarial V¥ . fhis x- razeated wich Vo
changed vntil the particle stwiwes che “derector" (¥z- or Y=z - plane )
close to the dezector. A final trajectory ior each oS the given
inirial conditions rejects particles which hit tns ceam s1ap, a fireld
rod, atc.

A werghting factor is used to calculate the contribution of each
particle to the intensity., Thas 25 because for given anirial conditions,

the particle will hit the detector for a range of VD A Vo.

AV = g%— 4L (Iv 6.1y
Focus

2V,
shere V_ and ="/ are the values for a trajeics.y whach leads
] L

cus
to the detector. For such a trajectory and a circular cylindrieal
Sl
(wire) detector, A L= ?. ?I IV G.2)

where _+— .5 the wire radiuz sag ¢v 18 the angle pverween the
trajectory and the Z axis at the detector (see sketch on the following

pagel.

el a e A

e T p——

A



IV G.2

The value of ay vo {or of Avw/fz—(ﬁ;ﬁ()) serves as a weighting factox.
Fmallg, the relative intensity within gaven ranges of A\/Vj’;“(j;/n)
15 tabulated.

By trial and error, imkial compinations of valaes of the
starting parameters (e.g., the range of g.c Eor girven Eo

over which particles might strike the dstector) wece chosen.

The sample program Follous. 3 are showm in Fig. IV G.1.
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iv G.10
Pig. VI G.1l. The expected intensity distribution versus V° for
ten-pole focused peaks.
To the first approximation the peaks should appear at \{f%é};,0=ﬂog
The "noise™ 1s due to the poor statistics associated with the relatively

few trajectories.
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Other possible applications of two- or ten-pole fields

— VW =<

Fec

This also suggests that one might similarly foeus linear molecules

The preceding sections demonstrate focusing of particles with

*

1t has not Leen mentioned that they should also focus particles with a
and (IV C.21) (or using (IV D.15) for the tem-pole field) one can see
thar, to first oxder, such particles should be focused 1n the Same manner

second order Stark effeets with the two- and ten-pole fields.
first order otark effect (such as symmetric top molecules).

using a Section of the /{{eff curve (say for J,M

H. Appendix 6.
as lanear molecules,

case

Fields with potentials similar to, but not the same as that of
Eq. IV D.3b might be desigred to give good focusing for the experiments

2
vhere /ﬂeff S G+ GE and H-W o< CE + C,E° where C, and

CZ are constants.

suggested here.

Table IV 1.1 gives a comparison of electrostatic focusing techniques

for polar molecules,

W ison!
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V. APPARATUS

A. General

The molecular beam apparatus (see Figs, V A.1 - ¥V A.4) 18
designed to be used mainly for erperis -nts involving rotational state
selection and focusing of beans of polz: melesuies, The long length

VA.l

of the vacuum envelope makes it appiopriazte for szuch experiments.

.1uch of the design is due to Dr. K. H. ‘xrzmir, wias was 2 pest doctoral
research associate in the group.
A second oven (B oven') mount 1s loczzed such that a secondary
beam of short path length cam cross the fccused bear at the center of
a rotating goniometer. The detector assembly, sounted or the goniometer,

can rotate a limited amount (a total of sixty degrees) around the

scattering center.
An important feature of the apparatus is a sl:ding vacuum seal

between the oven and stainless steel chambezs. Thas is controlled

oV A2

by a screwdriver inserted through a "au:ck-coupling, Tthe

vacuum seal, in conjunction with a gate valve {bzlow (1) wn Fig. V A.2),

| allows one to open (or te pump on} the oven chamber wiiost disturbing

the vacuum inside the rest of the vacuum envelope,

. The pumping system (and traps) is sufficiers 3 lower the pressure to

less than 1 x 10-7 torr provided the chamber is clean ang 1n geod condition.

* Parts of this section are common to the theses of R. J. Beuhler, Jr.
and this writer.

V A.1 The stainless steel vacuum envelope was a glft of General Dynamics
(Convair-Astronautics Division), San Diego, Calif. to the research
group. It has been acknowledged im raf. V B.3.

V A.2 This quick coupling is not shown in PFig. V A.2, but it is
opposite the quick-coupling at (c).

BLANK PAGE




VA.2

Fig. VA.l1 Photograph (overall view) of the molecular beam apparatus.

The vacuum chamber consists of two stainless steel cylinders

( '3/g " thick wall; and a brass oven chamber (on the right). The

detector assembly is at the top l=ft (see Figs. V C.3C and V C.4C)
with the B- oven flange and the puup control panel (see Fig. V A.4,
below. Twc liquid nitrogen traps ('hat-shaped") fit on top of the
. center section (see Fig. V A.5B). A liquid aitrogen reservoir leads
to the oven trap (see Fig. V A.5A) anu another to a trap surrounding
the detector wire and ion optics (Fig. V C.3A). Ome of two liquid
nitrogen cocled baffles and an oil diffusion pump are visible below.
The larger steel cylinder may be heated electrically to -~ 65°¢C
(to help in degassing it}, by heating wires beneath an asbestos layer
Some of the extraneous background apparatus is not directly used
in the experiments.

Further details are given in Fig. V A.2.

VA3

Fig. V A.1l



Va3 VAL

Fig. VA.2 Diagram of vacuum envelope-

Port sizes (1.D.) and flange diameters in inches are showm.

a. A-oven, electrical feedthroughs, and water cooling attached
to flange.

b. Three screws on flange to adjust oven position.

e 1!2" quick coupling for ion gauge tube.

d. Below chamber. 2 318” 1.D. pipe to 33/4 " flange. Gate
valve (Consolidated Vacuum Corp. (CVC) type VCS-21) and
CVC oil diffusion pump (PMC-115) attached.

e. "Quick-coupling" for liquid nitrogen trap.

f. Electrical feedthroughs.

g. Liquid nitrogen traps (top).

h. Window or waveguide feedthrough.

Fig. V A.1l

i. Ion gauge.

j. Cryo-baffle; National Research Corp. (NRC) model 0315-1-006.
Six inch CVC oil diffusion pumps (PMC 1440) attached.

k. Goniometer (top) with detector assembly (detector filaments,
ion optics, mass filter, and electron multiplier). Liquid
nitrogen trap around detector filaments.

1. B-oven.

m. Window attached.

n. Ion optics and detector wire electrical feedthroughs. Also

two ome inch quick couplings for B-oven liquid nitrogen
trap.

o, Flange may be replaced with one with a 7/ ' center hole

Ll
16

to give a separate detector chamber.
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VA.7

Fig. VA.3 Apparatus views

A. A second view of the apparatus (taken from the other side).
The water cooled oven chamber is seen (left). Attached tc the three
side flanges are (from left to right) high voltage feedthroughs
(shieided) the control rod for the movable beam stop, or "obstacle"
and detector system electrical feedthroughs. Quick couplings used
for the B-oven liquid nitrogen trap are also on the last flange.

B. Two young (in 1965) graduate students; Robert J. Beuhler, Jr.
(left) and Theodore G. Waech, who used the apparatus after the initial
work of Dr. K. H. Kramer, are shown with the partially dismantled

appar2tus and a chart full of noise.

Fig. V A.3




VA.9

Fig. V A.4 The vacuum pump control panel.

It is designed to protect the vacuum system from overheating

or oxidizing of diffusion pump oil. A diffusion pump (DP1, DP2, or

DP3) heater cannot e operated if the vacuum envelope pressure is
above .~ | tocr, if neither rotary pump (RP1l or RP2) is on, or if

no water is flos through its cooling coils (see Fig. V A.l).

Si' 52 DEST toggle switches (for RP1 snd RP2 respectively)

53, S :55 SPST toggle switchies (for DP1, DP2, and DP3)

CR1, CR2, CR3, CE%4 contrel relays

Fl, Fz, F3, ¥, fuses (104, 15A, 20CA, 20A, and 3.2A respectively)
VS mercury coluwan vacuum switch

751, F52 water flow switches

(FS1 is McDonnel Model FS1;

FS2 is Penn type 608, Model 1000)

CONT!

P

VACUUM PUM

lfs

F3

m
o
=
T
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Vv A.10

Fig. V A.4



Fig. VA

uid nitrogen traps, an oven, and a velocity selector disk
Photograph of oven chamber liquid nitrogem trap.

(copper) which condenses out A-beam macterial which

respect to the focusing field axis.
Field chamber liquid nitr.ien trap (inverted).
:al trap) fits on top of the vacuum 2nvelope (see

center), above the focusiug fields.

piece shown may

velocity

was based

say, a
for a

coils of

be used as a cold or when inserted between two

The fin désign of the trap
oncepts of Ref. V A.l.

Various front pieces can be screwed on with

circular hole, or, as shown here (left), with provision
cven body and the front piece can be heated with
0.0/0" diameter tungsten wire.

An aluminum velocity

selector disk. It has sixty teeth and

2 62 ¥ €3 22 TR OF &1 9, Wi
Fig. V A.5

oles, C. J. N. Van den Mei jdenberg, J. W. Bredewout, and
Beenaker, Physica 31, 233 (1965).



B. Velocity selector

The velocity selector consists of disks on a rotor (see Figs.
V A.5D and V B.1). The velocity of particles transmitted through
“open channels" of the selector is proportional to the rate of

rotationv B.1 of the disk assembly by a motur.v B.2

When a maxwellian
beam is velocity selected at its most probable velocity, about 1/20th
of the beam is transmitted.

Using the notation of ref. V B.1 and Fig. V B.2 (not to be con-
fused with that of other sections of this thesis), the resolution and
peak transmitted velocity can be found.

The nominal velocity may be correlated with f(Hz), the frequency

of the oscillator which controls the motor. For the given motor,

_é;?i = Ai_ L jL =1 ¢o L ¥

¢ =¥
A, (S aee) = 0,900 7

V B.1 See H. 0. Hostettler and R. B. Bernstein, Rev. Sci. Imstr. 31,
872 (1960), for details.

V B.2 Barden S38H5 bearings are used for the motor and Fafnir
MM20EXC2 CR bearings are used for the rotor.

= By T Nk SR R ST SR S R S 1t
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vV B.2

The resolution may be calculated using values given in Fig. V B.2.

AP = 6235 L = 03U

1

6
ﬁ;% = 0 _olé26

A,
f :,Lr(%p = O 5o

R = resolution = _Lr_"é_. = 0.137
! - )’ =

Then the selector has a resolution (FWHM) of 13.7%

Unax Fee

e B U 5 L

Ay 1=
]+
- =—_._6. = 0.884

vV B.3

Fig. V B.1 The assembled velocity selector.
The velocity selector is positioned to be used with the (four-

pole) focusing field assembly shown. 1its motor is beneath the field

assembly. One tooth has been remcved from each of five disks so that

the selector can transmit a beam while not rotating., A hole is drilled

opposité each broken tooth for better balancing. A bulb and photocell

(right) are used to "count" the teeth as the rotor rotates.



Fig. V B.1

Fig. V B.2 Velocity selector geometry.
.. wV Bel ’
Part of the "unrolled rotor is shown with an expanded
vertical dimension, One open channel is shown. The fractions indicate

the amount of a tooth or space brlow Cthe horizontal line.
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Fig. V B.2

VELOCITY SELECTOR GEOMETRY

L=3.936"

l“ ‘

lem, =

§=126"

Q,=126"
g T

AR FIAR IR KT Froniyts BT ] SVLTEL | M P ACRUATIALA T

v B.7
Fig. V B.3 Velocity selector cireuit.

Wwith this carcuit the velocity selector could select beams with
velocities from essentially zerc to about 500 m/sec, depending upon
the alignment of the rotor with respect to the motor, the bearing
grease (Apiezon H was used copiousiy), etc. The synchronmous

motor turns at half the audio generator frequency if it is "in syne."
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v C.1
C. Detecror system
A detector system dragram :s showa in Frg. V C.1. Lock-in
detecrion is utilized with a chopped .AC beam althongh an electrometer
can be used for unchopped (D{) beams. Detection 1$ by surface ionization,
but again one has anotner option. & thoriated tungsien ribbon may be
used gs an electron bombardment source to ionize the beam molecules.

Figs. V C.2 ~ ¥V G.4 show parts of the detector system.




Fig. V C.1 Detector system diagram.

The molecular beam is ionazed on the surface of platinum -
tungsten ribbon (A) or a 0.010" diameter tungsten wire (B}. 'Tha
jons are guided into the mass Ffilter by the ion optics {approximate
voltages as shown). The 1oms are :omewhat "“focused” by two einzel
ienses (below and above mass falter). The ions asz accelerated
into the electron multiplier, where thay are “comverced™ to elessions
and the current amplified. The muiziplier signal goes ro the cathode
follower (see Fig. V C.2), and then to a phase sensitive detector,
(model RJB lock-in amplifier, Eleccronies, Mrssiles and Communications,
Inc., Mr. Vernom, N. Y.). The reference signal for the lock-in, f£rom
a light chopped synchronemly with the molecular beam, comes from a
photocell (see Fig. V C.5A). +%he rectified oucput signal from the
lock-in 1s displayed on a recorder (Leeds & Morthrup Speedomax G,

model 8 - 60,000 series) for easy viewing.
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Fig. V .2 C(sthode follower cireuirt.

Half of a 12AT? electron cube is used.

See FrE. ¥ Q.7

Fig. V C.3

A, Ton optics on end of mass Fileer.

is more recent.

Detector assembly photographs,

The ion opties of Fig. V C.1

B. Ton optic¢s components. At ho upper left a detzator wire is

spot welded to exinkled nickle foil on a stainiess sreel holder.

daismantled holdexr 1s at the raght.

below these.

C. Dismentled detector assembly.

An 1om Lniice

t plare 15 placed

A

The quadrupcle mass—filear 13

at vight. 1ts height can be adjusted by thz uee of gears (Ieft) on

the three shafts,

etbow housang at che upper left) are conrrolied by a resistor network.

The voltages on the electron mulciplier (zm dits



vV C.6

POWER SUPPLY |
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Fig. V C.4 Chopper motor circuit.



vcC.s
Fig. V C.5 Detector system photographs.

A. Chopper motor. The chopper motor is mounted on the stainless

steel flange on which the oven chamber is attached. The V-shaped chopper

blades chop the beam and, synchronously, the light from a bulb shining
on a photocell, at 25 Hz. The ampli:iied photocell ouipat Serves as
the reference signal.

B. Detector assembly on gonicmeter (sez Figs. V A.l aad ¥ C.3).
Tubes (minus reservoir) to right avs feor filling Jdetector liquad
nitrogen trap.

C. Glass rack. It is used for holdi.ug gas<s tc Dé used in
forming a beam or in activating or deactivating detccto: Iilamencs,

D. View of detector end of apparatus. The liguid nitrogen trap
surrounding the ion optics is clearly visible. A four-pole field
assembly and microwave horn are in the background. Components such
as the field assemblies and the velocity selector are attached to the

angle steel as shown. See Fig. V D.1B.




vV C.19

Fig. V C.6 Liquid nitrogen trap surrounding detector zsseambly.

The trap is shown below a platinum-tungsten filareat holder

(see Fig. V C.3). The two liquid nitrogen connections (one is illu-
strated with a flexible copper tubs) lcad te a reservoir (see Fig. VA.1).
The beam enters through a rectangu.ir channel 0.209" wide. The

copper tube (right) is, in use, soldered to the tra;
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Fig. V C.7 DC power supply.
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Fig. V D.1 Focusing tields.

A. Four-pole field assembly. The brass top-shaped piece is one
of two used to space the rods while they are being cemented in place.
The piece tc its laft can be used in zligning the field assembly in
the vaceum envelope, but more often threads, weighted on their ends,
were appropiiaceiy hung on the rods toc form "crosshairs" on the center
line of the assembly.

£. & Lwo-pole field assembly. Note the ceramic rods used to

nold the mctal rods in place. The thumbscrews are used to align the

End-on view of the ten-pole field assembly (A = +-§').
See Fiz. 1V D.3.
L. Iwe tea-pole field assemblies. The brass pieces in the

toreground ace used to hold the steel rods until they are epoxied

R

R e e

Vv D.3

Fig. VvV D.1




Fig. V D.2 High voltage switching circuit.
Switches A, B, C, and D are normally open vacuum switches (Jennings
R5C 4052B 31001). Switches A and C or switches B and C can be made to

close together, but only two can be closed at one time

Fig. V D.3 Beam stop and collimator.

For ten-pole focusing, this beam stop and collimator was attached
to the velocity selector (a similar ome is im Fig. V B.1). Beam
material condensed on the collimator and formed a shadow of the field

rods.



Vv E.l
E. Microwave system.
The microwave system changed throughout the work, but two systems
are shown in Figs. V E.l and V E.2. Some photographs of the systems

appear in Fig. V E.3.

———— AP —
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V E.2

Fig. V E.1 Miecrowave system A.

This was used for Fig. IIT B.2 (in the paper included), in
section ITT B. Certain of the eguipment was borrowed from Prof.
R. C. Woods.

a. Heathkit (Model AG - 10) sine-square generator at 25 Hz.

b. To lock-in detector (for beam) reference.

¢. Hewlet=-Packard 86904 sweep oseillator.

4. Hewlett-Packard 8694 pleg in (8-12.4 GHz).

e. Hewlett-Packard 1754 oscilloscope.

f. Hewlett-Packard X281B adapter (coax to waveguide).
8. Microlab XI57A ferrite isolator.

h. Hewlett-Packard X752C multihole directional coupler.
i. Microlab X155A variable attenuators {0-204b).

j- Polarad B126293 adapter.

k. Andrew 51747-12 .flexible waveguide. .

1. Andrew 55000-75 pressure window.

m. Polarad CA-Ks hornm antenna.

n. Microtech flexible waveguide.

o. Hewlett-Packard 52564 frequency converter.

P+ Hewlett-Packard 52451 counter.

N7 {m)
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< w——
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V E.4

Fig. V E.2 Microwave system B.

This microwawve system was used in the earlier part of the work.

1t had disadvantages in that the power was inadequately stabilized in

the range of interest; also it had somewhat too low power for the

e«periments and lacked an internali »weep necessitating manual MHz

frequency scan., The parts are identified below.

a.

b.

£,

g-
h.

fleathkit model AG-10 sine-zquere weve generator.

One tube amplifier. This zives an oucput of 40 VDC for
no input. A positive :npwt {above a certain minimum)
resulcs in an output vcltage of zere.

Polarad 1107 H microwave signal generator (3.8-+8.2 GHz).
Polarad 1509 frequency doubler (10.0-15.0 Gkz).
Hewlett-Packard M532A wavemeter

Polarad CA-Ks microwave horns

Hewlett-Packard M4244 crystal deteetor.

Hewlett-Packard 175A oscalloscope,
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. V E.3 Microwave system photographs.

A. Microwave electronics fer system B. The sine-square wave
oscillator, the frequency doubler, and the microwave signal gemerator
are shown.

8. Waveguide comporents. The

vemeter, flexible waveguide,
and the microwave feed through flange are shown.

C. Some microwave components. Present are the directional
coupler, a microwave horn, an adarcer (for microwave flanges with
diFferent dimensions), and a crystal detector.

D. The microwave - molecular beam crossing-zone. The microwave

horn and the beamstop ("obstacle") are in the center, between two

four-pole field assemblies.

Fig. V E.3
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VI. RESONANCES IN H + H SCATTERING

A. Introduction

The focusing methods in the preceding sections were developed
mainly as tools to produce state-selected molecular beams, useful for
studying collisions between meutral atems or other molecules,

In the next section some calculations (already published) are
presented concerning collisions of atomic hydrogen, i.e., the elastic
scattering of H by H atoms. The results of proposed experiments

of this type may be used to confirm knowledge of the ground state

interaction potential between H atoms. Up to the present time, however,

such atomic scattering experiments have been technically too dafficult
to carry out,

However, the results of the next section have already found
application. Dr. G. Herzberg of the Natiomal Research Council of
Canada has used them to help fit new spectralw"A'l observations on HZ.
R. E. Roberts, R. B. Bernsteim and C. F. Curtiss used these results
as the starting point in calculations on termolecular recombination

ki.m:t:.i.cs"‘llA'2 for the reaction

H+H+M H, +M (4 = He, AT, or H,)
R, J. LeRoy and R, B. Bernstein have discussed the inconsistencies
between the theoretical and experimenta: ground state energies of HZ'

VIA.1 Private comzunication,

VIA.2 R. E. Roberts, R. B. Bernstein and C. F., Curtiss, Chem. Fhys.
Lett. 2, 0000 (1968).
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! VT B.1
ViaA.z

They considered the influence of the so-called adiabatic, relativistic
and non-adiabatic corrections to the clamped nucler potential. In

addation; they explained inconsistencies {of several cmhl) between

+
VI A3 . B. '"Calculated Spectrum of Quasibound States for 1-12 (12 e ) and
the wvibrational levels of Hz compueted by several authors. °

Resonances mn H + H Scatterang,” by T. 6. Waech and R, B,

Bernstein, J. Chem. Phys. 46, 4905 (1967).

(See journal article for this section.)

]
- DA i

VI A.3 R. J. LeRoy and R, B, Bernstein, J. Chem. Phys. 43, 0000 (1968).
This writer noticed the use of nuclear masses in the reduced
mass of Hy by Wolniewicz (ref. VI B.4). LeRoy suggests that
nuclear rather than atomic masses are more proper bound state
calculations and that more reliable recent values of Planckds
constant and the Bohr radins are available and should be used T -
in such calculations. :
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. VI c.1 we
G. Computer program for potential fit ;
3 -
A computer program was desired to find aa analytiz=al fit to the - n
n -~ -
- — L ] H
Kolos-Wolniewicz clamped nuelei potential for a large vramge ¢f R, A -« - H '
. VI c,1 . A o
series (Ed.. VI B.1) was Found using the method of Forsvthe . =z N
Lk
N L - -
Although Porsythe suggested that the fitted wariable {V} be expanded — - 3
i 3y
- b o -
as a sum of polynomials, here the polynomials were zsed to finrd the & o- b
.R 5 —_ — n,
< s : s - 5 . 3 b=
coefficients (an) of a series in ( > = }, with R 1n au, and also " by & - -
. . b — w
- 5 - . P a . ~y 0. o
the coefficients (Ap) of a series in K - Re (Equ. VI B.Z). A F »
- - -
PR - h % —~ Y
Attempts were made at accurately fititing che notential wath a - ": ‘;- 2 1
4 1
- g s .
series in terms of more complicated variables, h.t Lhey ware unsuccessful. 3 ‘; = -~ D ,"'_‘ =
1) - o] =
. - - -~ — -r [0 ——
The computer program (in Fortran IV languzge) Efollows, 3 €3 Za - 2 —
- 4 .7 - 1 5. 0.
- * — R I 2 —_ L
i . - 31 - —_ '
Yy 5 o ~r H
s - - -~ jum
3 —_ it - i o
— 2, ™ T ry 0 iy
- Bl o N -
o - - 1
- - R T e T 4
3 - - kP . -
-3 N P T — i
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