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ABSTRACT 

The hyp rfinc structure of each of the ions H, D, and 	is 

examined and the hyperfine structure of D in the zeroth rotational 

state is numerically calculated for the first nine vibrational 

states within the Born-Oppenheimer approximation. The first nine 

vibrational wave functions are numerically determined and used in 

the hyperfine structure calculation. An ion beam method for 

observing the radió-frequency spectrum of D in the zeroth rotational 

state is diseussed and the desii and operation of a spectrometer, 

which was constructed and t sted, is described in detail 
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I. I.ntroduciion 

The spiii dependent hyperfine structure of each of the molecular 

+ 	+ 	+ 
ions 112 liD , and D2  in the ground electronic state is examined in 

this thesis. It is shown that in the zeroth rotational state, the 

hyperfine •st'ucture of these molecules is completely calculable within 

the context of the Born-Oppenheimer approximation procedure. In fact, 

in the theonr of molecular hyperfine structure, it is only for the 

zeroth rotational state of H, }iD, or D that the hyperfine terms 

take •a tractRble form. In particular, the hrperfine  structure of 

in. the ground eeetronic state and zeroth rotational state is cal-

culated for the first nine nuclear vibrational states using an IBM 

7090 computer. This calculation is based on the electron wave 

functions and electron ener,y tabulated by Bates et al. for the 

ground state of these molecules. (BAT 53) The first nine vibrational 

avc functions for D are numerically determined and used in the 

hyperuine structure calculation. 

An ion beam method for observing the radio-frequency spectrum of 

D in the zeroth i'otational state is proposed and the design ofa 

spectrometer, which was constructed and tested, is described in detail. 

In the experiment, a beam.f neutral D2  molecules in the lowest 

vibrational and, primarily, in the zeroth rotational state is first 

polarized using a hexapole focusing magnet and then ionized by electron 

bombardment preserving the nuclear spin projection. The D ions are 

accelerated to form an ion. beam which passes through an r.f. region in 

which transitions can be induced which alter the alignment. The beam 

is then accelerated to 300 keV and allowed to strike a tritium target 

from which neutrons are emitted with spin dependent angular,anisotropy 
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in the react .on T(d,n)He. It is demonstrated that ion currents can be 

realized which make detectin of hyperfine structure transitions in the 

on beam by counting neutros practical. It is shown, that the value of 

the hyperfin structure con$tant as a function of the vibrational 

quantum number can be •extrc.ted from these observations. It is pOssible 

to adapt the spectrometer 	that observations can be made on IM as well. 

These molecular Ions are the simplest molecules in nature, the only 

ones for whi h we have a vc y accurately tabulated electron wave 

function The obervation )f the radio frequency spectrum of D in the 

zeroth rotational state is, therefore, of special interest because corn-

parison with the calculated spectrum can then be made. This would 

provide a unique test of the electron wave function of Bates et al. and. 

a useful quantitative estinute of the error of the Born-Oppenheimer 

approximation assuming the accuracy of the electron wave functions 

I 

I 
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II. The Hyperfine Structure of the Molecular Ions H, I, and 

A. The Hamiltonian 

The method of calculatLng approximate quantum mechanical wave 

functions and energy levels for the molecules H, JW, and 	is the. 

usual one of choosing a zero-order Hamiltonian which is tractable and 

taking account of other energy terms as perturbations. In the quantum 

theory of molecules the Born-Oppenheimer approximation allows the initial 

separation of the problem into the consideration, first, of the electron 

motion for f..xed nuclei and,subsequently,the nuclear motion in the 

average elecl;rostat±c field of the electron. This amounts to neglecting 

initiallytim kinetic energ.i of the nuclei. (SCH 5) Within the Born-

Oppenheimer approximation procedure, the first problem is,. therefore, 

to obtain the Hamiltonian 1r an electron in the field of two singly 

charged nuclei which are considered fixed. 	. 

The Dirac equation* 

- eA)4r = nit, 	 (1) 

where p is the canonical foir-momentuni and A gives the electromagnetic 

field of the nuclei, can be expectedto provide a highly accurate de-

scriptIon of the one electrn in the field of two nuclei from the success 

of the same equation in its application to the hydrogen atom. In using 

the equation for a one-electron situation in this way, one needs to acid 

some qualifications as, for example, the Dirac hole theory. However, 

• 	 the equation has not been solved for an electron in the coulomb field 

of two charge cent.ers as it has been for one, and we canuse the 

relativistic theory only to obtain an approximate relativistic equation 

* 
For simplicity, units are such that i .= c = 1. 
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for a two component wave function. 

It is well known that a proper procedure for achieving a two 

component reduction correct to a given order in v/c involves the ap-

plication of a corresponding number of Foldy-Wouthuysen transformations 

to the Dirac Hamiltonian. (BJO 614) ( FOL 50) These transformations 

provide an expansion of the relativistic Harniltonian, essentially, in 

increasing powers of v/c and., at the same time, pass to a representation 

in which the large and small components of the solution are decoupled to 

the desired order in v/c; i.e., terms to the desired order in v/c are 

even operators. The resulting 1-lamiltonian which acts on two component 

wave functions (the large components) has been given to order v2/c2  by 

a number of authors. (BJO 14) (MES.62) For an electron of negative 

charge -e, fields E - Vtp ].= V X A and for = E m = W, 

	

+ a B
*_ 	+ 

e2 	i e — 	—' 	e - - 	- 	e +—cY.EXA+—a.VXE+—a.EXp+—V.E 	(2) 
rn. 	 8m 	 m 	 8m 

This yields the familiar non-relativistic terms plus a rnznber of 

"relativistic corrections". The "tractable" zero-order Hamiltonian, 	' 

give the zero-order electronic wave functions, , according to: 

• 	 ( 	 •— c) 	= 	 ( 3) 

The terms of the Hamiltonian which yield the hyperfine structure, are 

= 	('.• + A. 	+ 	 +2m 	
(14) 

We have also that 

e 	e — + - 	 () 
a 	b 

and 	
= a< r + 	b 
	

(6) 

• 	r 
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where r and r are the dist;ance of the electron from nuclei a and b 
a 	b 

respectively; 	and V  are the nuclear magnetic moments. Of the re- 

maining termE;.of the Hamiltonian,only the spin-orbit interaction is 

important; the last term (Darwin term) is spin independent and, in the 

present calculation, can be neglected entirely. 

The procedure we have used requires some justification since the 

series expansion of the Foldy-Wouthuysen transformed Hamiltonian in terms 

of higher and higher orders in v/c obviously cannot converge if the 

nuclei are treated as pont.charges. Actually, the nuclear charge oá-

cupies a finite volume. In addition, the electron charge is effectively 

smeared out over a volume ....(Y1mc) 3 , whichnieans A and q should be re-

placed by some average over this volume. The non-relativistic approxima-. 

tion is justified as long a:; e1AJ << in and ep << in at a radius 	/mc 

and, in the px'esent case, tiese relations hold. (MES 62) The model of 

a point nucleus can be used to obtain the first number of terms whose 

matrix elements decrease in magnitude. The appearance of:a term giving 

an infinite contribution to the average energy indicates the need to 

account for nuclear structu'e effects if the term is to be considered. 

B. The Zero-Order MolecularWave Functions 

In the electron Hamiltonian the terms v 2 2 /c and the terms in A 

which we need to consider ae the spin-orbit term, 

e -- 

which for th ground state an be treated as a perturbation, and the 

hyperfine terms which, also, need be considered only as perturbations. 

The electron zero-order wave functions are, .therefore, solutions 

to the equation 
2 

.. 	. 	,... 	( 7) 
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term energy, E-m and e2/R, Lnd 

B= 22 
	

(in) 

where N is the nuclear reduced mass. The term involving B is the 

rotational energy of the mo:Lecule. B is referred to as the rotational 

constant. According to the Born-Oppenheimer approximation, the last two 

terms must be averaged over the electronic motion before determining 

the zero-order nuclear state. In fact, these terms arise because the 

nuClei are really not fixed and the entire molecule may be rotating; 

they are, therefore, to be iegarded as perturbations on the electronic 

state and thus contribute to the rotational energy, and to the vi-

brational potential energy function U 0, in all orders The last term, 

-2B1i, is equal to -2BA2 , when averaged over an electron state since 

is a conserved vector and 

Kx(jLx jirA ) = 	 = _Kx(irAILxI4rA) = 0 	(i) 

and similarly for the term in L.*  It therefore vanishes in first order 

for the ground states of the molecules H, HD, and D in which A = 0. 

The second order contribution to the rotational energy from this term 

can easily be shown (using only the above symmetry properties of the 

• electron functions) to cause only a small.•change in the factor B. (DAL 60) 

The vibrational potentia1 energy function will be itaken as 

U0  = u(R) + B[K(K-i-l) + (L2  + L2)]  

The nuclear vibrational wave functions determined by this potential are 

designated by the quantum number v according to conventional notation... 

*• 
x, y,  and z directions whn applied to the electron will always refer 

to axes fixed with respect to the nuclei with origin at the mid-point 
between them, and with the z direction along the internuclear axis. 



The complete zero-order molecular wave functions on which we base 

perturbation calculations are, therefore, products of an electron 

function tabulated by Bates et al. with quantum numbers n and A, a 

nuclear: angular function with quantum numbers K. M and A, and a nuclear 

vibrational function with quantuni number v but depending on n, A, and K 

as well. 

We are interested in the hyperfine structure of the molecules 

HD and D for the ground electronic state for which A = 0. The nuclear 

angular functions, for A = 0, are simply spherical harmonics, 

where 0 and p are angular coordinates of one nucleus with respect to the 

other in the laboratory frame. 

As will be shown later, the hyperfine structure of D takes a 

particularly simple form for K = 0. We are, therefore primarily 

interested in this case. We have calculated the vibrational functions 

• 

	

	for D and K 0 and thecorrespondiflg molecular energy cigenvalues for 

the first nine vibrational states using numerical methods and an IBM 

7090 computer. These wave functions were then used to obtain the hyper-

fine structure. The numerical method used to obtain the eigenvalues 

and eigenvectors and the accuracy of the results are given in Appendix C. 

Table I show the molecular energy elgenvalues, and Fig. 1 a,b,c the 

corresponding wave functions. Table I also shows the average of certain 

powers of B over the computed vibrational functions. 



10 

Table I. Nui ierical ca1cula;iofl of molecular energy eigenvaiueS in 

Iydbergs for and expectation values for RTI in units of a. The 

energy scale is such that te dissociated molecule, R = , has the 

energy, -1 .rdberg. . . 

v 	0 1 	2 	3 14 	5 	6 	7.8 

-E 	1.1978 1.18314 	1.1696 	1.15 614  1.11438 	1.1317 	1.1201 	1.1091 	1.0966 

(R) 	2.01437 2.122 	2.2357 	2.3333 2.14386 	2.51451 	2.6556 	2.7705 	2.8901  

R 1 ) 	. 1493714 .839 	.669 	.145372 .1414087 	.142828 	.141583 	.140355 	.393- 1 0 

.21460 .21407 	.227l 	.21915 .21056 	.20219 	.1992 	.18579 	.17(18 

.06281 .o6146 	.06]69 	.06122 .06032 	.05928 	.05807 	.05672 	.05522 

(R 14 ) 	.00 1459 .0062 	.006o . .00785 .008814 	.00975 	.01058 	.01131 	0L95 

(R 5 ) 	.000014 .0001 	.00018 	.00028 .000142 	.00058 	.00078 	.0099 '. 	.0023 

Before calculating the eigenvectOrs and einevalueS of the vibra- 

tional motion of D 	 some preliminary calculations were necessary. 	In 

particular, it was necessary to obtain a.normalized electronic function. 

The la 	wave g  function tabulated by Bates et al. is not normalized and is  

given only for E j 9 	Roberts et al. have given the normalization 

constants for the lag  state for R 	14.4 a0  (atOmic units). 	(ROB 61) 	We 

have realcu1ated these a±dexteflded the normalization out to R = 9 a 

(Table II). Where they overlap, our results agree with Roberts et al. 

except at the point R = 4.14 a0 . 	 . 	 . 

* Perhaps due to a typographical error in their paper. 
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Table IL Nrma1iZatiOn corstants for the lsa electronic state of 

	

1 	 2 
The tabulatel state is normilized by the factor N 2 . 

N 	R(a.n.) 	N 	R(a.n.) 	N 

0.2 .43(8050 2.11 .8667372 4.6 .9028015 

0.4 
.505163 2.6 .8761722 4.8 .90)481)48 

0.6 .5711829 2.8 .8833757 7.0 .9072838 

0.8 .6301775 3.0 .8887683 5.5 .9161792 

1.0 .68w4i492 3.2 .8927290  6.0 .92901187 

1.2 .7252032 3.11 .8971985 6.5 .9453454 

1.4 7619682 3.6 .8969025 7.0 .9642723 

1.6 .795039 3.6 .8981153 7.5 .9849758 

1 8 081 11t557 It 0 8992 1182 8 0 1 00611826 

2.0 .83(8777 4.2 .9002692 8.5 1.0281012 

2.2 .8538932 4.)4 .9013408 9.0 1.0492503 

Bates e al. give the 3lectron energy for R < 9 ac. The calculation 

of the vibraional eigenväJ Lies requires a knowledge of this energy for 

slightly 1arer values of B. We obtained the electron energy in the 

region R $ 9 a0  from the vari:tional wave function 

a + e b 

where a is a vartional parameter which was very close to 1. (See SLA 63) 

The energy U(R) obtained from this wave fimctiori was smoothly joined to 

that determined by the exact solution at R 9 a0 . 

The energy of a diatomic molecule for a given electronic state is 

often represnted for small values of v and K by.the formula 

+ ) - •XU)(V 
+ 1)2 	BK(K+i) + 

-- a(v +) K(K+1) + Constant 	 (17) 
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iherá We x,and 	are enirica11y deteined or, alternatively, 

are given in term of the pLrameters of the Morse potential. (SCH 5) 

For the molc(ule 1i and K = 0, the first to calculated eigenvalues 

give hw = 1(1.7 cm 1  and 	= j2.4 cm 1 . 

As a ch:ck on some of :he calculations, we have also calculated, 

to somewhat :ess accuracy, ;he first two vibrational eigenvaiues of 

which yield bw e = 2320 cm and Xet•IWe = 63 cm. These agree satis-

factorily wii;h the experimeital values e = 2297 cm and 

X)e = 62 	given by Heczberg for H. (HER 0a) 



I r 
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C. The H:rperfine Structure 

1. First Order Contributions 

From the electron Hamiltonian, Eq.(2 ), we have the terms which con-

tribute in first order to the hyperfine* structure: 

(•+ •) 	
(18) 

e -3-) 

= 	aB 	 (19) 

= —cJ•EXA 	 (20) 

14m 

-9 	 -9 	-+ 
B = V X A anu. E = -cp, where A and cp are given by ( ) and (6 ). 

-9 
• The electron spin S is coupled by these terms to the nuclearspins 

• 	 -9 

through the fields A and Cp. In addition, if the molecule is rotating, 

-9 	 -3 

S is coupled to Kby the interaction of the electron magnetic moment 

with the field due to the motion of the nuclear charges. This is also 

-9-4 

a first order term (in ics) which will be considered later. 

For i. 	g•I and Pb 	
where subscripts a and b refer to -4  

nuclei a and b, we have 

e 	- 	
( 1(rXp 	 (r ) 	Ib.bXp)\ 

= 	 (21) Ap 	oNa 	r 3 	+ 	rb  3  

	

a 	 •  

-3 
We denote by R the vector d istance from nucleus b to nucleus a. Then 

= 2N[ ( 	

- a3a) + X 	
( 3b - a3a)] (22) 

The term in 1( )< p averaged over the electron wave function is zero be- 
• 	

• 	 -9 	 -9 	 • 	 -9 

•cause the rotational symmetry implies (p) is along R. Similarly, (L) 

is along R and equal to A, 30 averaging the first term we have 

* 
We ignore, for the moment, the electric quadrupole and nuclear 

spin-spin interactions; see p.. 
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=( 	) A(I 	+ 	 (23) 

Symmetry of the electron function under reflection, P, in the point 

bisecting the internuclear axis gives (l/r) = (1/r). Therefore, 

is zero in first order where A = 0. 

contains the factor 

vxvx( 	
+ 	

(). 

This gives, on expanding, 

• 	 l 	la + lb 	
(25). 

where 	 . 

It 
ia 	o[Va 'a  Va) - 	] 	

(26) 

and 

	

	is the similar expression for the interaction with nucleus b1 
lb 

For ra  0, we have the usual dipole-dipole energy 

3(ci r )(i 

Nia= 	a 	
a 	a

•r  a ] 
	

.. (2) r3  

However, the average of(C2) has an additional part for the point. ra = 

since V2 1/r acts like _4(b 3(). 	. 	.. 
In the analogous atorni.c case, only S state wave functions are non-

zero at the nucleus and these, having spherical symmetry, give the usual 

contact term (ABR 61) In the present case, the electron functions 

are, to a good approximatioct, spherically symmetric at the nuclei.. With 

this assumpt;Lon we obtain trie same contact term. This approximation is 

clearly the worst for the JDwest vibrational state. .Therefore we take 

	

-) - 	-) -) 
U 	 ••. 	 S'I 	3(Sr

, 
 )(i r ) 

= 	 r3a - 
	a 	a a1 + 2gA( 	 ('8) 

and the sinu. Lar expression tor Nlb  Taking the average of N over the 
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ground state electronic wave functions, we make use of the symmetry under 

the refiectioflfl to show that 

(xy) = _(XaYa) 	0 as well as 	(x2) = (y) 

and the symm1try under the rotation R(i) to show that 

(XZ) 	_(XZa> = 0 	(YaZa  

We obtain, finally 
2 

Z 
 2 

= 	N[a'a 	
- 	+ gblbZ)SZ] 

Xaa  + 

8t - 	 -, 	2 
+ 2'd1 (-s ) s(I + 	1'0(0  )I , 	 ( 29) 

where (o) 'is the value of the lag  electronic wave functi9n at a 

nucleus. Frjn!the divatin, inwhich th average of 	was separated la 

into an integration over a volume excluding the nucleus for the dipole-

dipole part, it is clear that (x-z/r ,) is to be evaluated excluding a-

spherical region about the nucleus a and, after integrating, taking the 

limit as the radius goes to zero. 
'It 

The last term, 	, expands to give 

I t • I 	I I I 	I I I 	 / 

	

= 1a 	1b ' 	
( 30) 

where 
j 	I II 	 e3 	2 -, - 	- 

la 	j4.m2 	
Cr 	a1a_ (ii • -r)(-a•ra)] 	 (31) 

with a simLlar expression for 41b . On averaging l over the electron 
'ft 

wave function, it is seen that11a gives an infinite contribution to 

the energy resulting )  of course, from the model of a point nuclear 

charge. We therefore cannot consider this term unless we give some 

structure to the nuclei, in which case other singular terms arising from. 

another Foldy-Wouthayser transformation should also be included. From 

the high accuracy that N, and 	account for the hyperfine structure in 
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i;1e e:omic c..se (uo to corrcuons< a2 ) we expect that they rep; e;cn 

fle riulc CUluj h'yi rfine tr u'ture to the smic accuiacy. (mcrc .i no 

+ 	+ 	+ 
eaon to 'oc IeVC in e:lecti in in H2 , I-ID 	oi 	to be more 1clatLL1' 

t.lian in the h atoir 

We havc in iq ( 29) siove, the first order contribution to the 

: + 	+; 
iypfi 	L 	

+ 
cxne ) ictU1e for thc moiccules 2' ItO , and D2  n tL113 Oi 

averages over the 21ectron wave function These avcrage& are funLtion 

01 B, the n cinuear distrnce, and, to complete the integration over 

the 7elo-orth r mo]ocular WaiTe function, we understand that a furthLr 

avcrare over a nuclear vibrttional state is 1E'qulied 

2. Second O:'der Contributions 
2+ 

For the grourd electroiric state, a F, term with A = 0, the spin- 
9 

orbit eneigy j zero in first order. Its second ordel* effcts arL, 

howcvec, cornparab1 e to the first order hyperfine terms ie have conside red 

In addition, the perturbation arising from molecular rotatiori (-i3K Li ), 

which is al so zero in first order, must be considered in second oreer a 

well (see paiçe 8, Section B) 	Therefore, 

e —> 
3 2 =—iEXp-2BKL, 	 (32) 

or 

= 	+ 	 (33) 

where B = l/M. and M is tie nuclear reduced mass (We have air aLly 

jndicated that the effect or 	alone in second order is merely to cause 

a small chanein the effecbive value, of 'B.) 

* That is, second order with respect to the electronic part of the zero 
order inolecu.ar wave functi'ns. 
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In second order, 	ca easily be shown (using the syiraictry pro- 

perties of the electrOflZer)-Order wave functions) to give an energy of 

the form . 	 . 	.. 

2 
= AK S + B[S(S+l) - s] 	 () 

Dalgarno et al. ctimate th magnitude of the coefficients A and B to be 

of the order of 100 Mc/sec. (DAL 60) An accurate calculation of A or 

B presents considerable difriculties and, for this reason, we are 

particularly interested in he K = 0 state; in that case, 2 
 does not 

contribute to the. hyperfine splittings. A consideration of matrix 

elements shois this. 	' 

For any coupling scheim which gives. 

I+ -F2 	. 	 ., 	 ( 35) , ' 

we can write 

- 	_______ 
= F(F2+ 1) 	, 	 . 	.. 

	( 36) 

in calculatiiig matrix elemeiits between rotational states of the same F 2 . 

On coupling X. and F2  to giv F we then have 	,. 

()[F(F+L) - K(K-il) - F2 (F2+1)i 
(K'S) 	 2 2(F2  + 1) 	 (3 

which clearly is zero for K = 0. 

Consider a part of N2  containing 

- B 
[ s(s-i-i) - , 2 	 . 	 ' 

2 	L 	3 	Zj 	 •' 

or 	. 	 2 

• . 	
= B[ 	- R.R.] SS 	, 	 . ( 39) 

In colculating matrix elements of l'between states of the same K. we 

can ';rite 
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R. 	K(K+l)b ij  
(ho) 

'where 

C = 	- l)(2K+3) 	
(1) 

Therefore, 

()2] 	 (42) 

and= 0 f'r K = 0 Ther fore, for K = 0, we have 

• 	 = 	
s(s+i) 	

(L) 

which contriutes the same i;o all hyperfine levels. 

We see that only for K •O do the hyperfine terms take a tractable 

form. However, for H, the antisymmetry of the molecular wave function; 

with respect to exchange of the two protons implies that, for K = 0, 

the total nuclear spin 1= 0. That is, for K 0, H shows no hyper-

fine structure resulting frm nuclear magnetic moments and we are limited 

+ 
to the molecules lID and D 2 . 

3. The Hyperfine Structure for the K = 0 Rotational State 
+ 	+ 

For the molecules HD md D2 , the hyperfine structure for the ground 

electronic state and the K : 0 rotational state, after collecting to-

gether the r sultc of the peceding two sections is given by 

2 	2 	-b - 
	 - - 

	

= 6( 	> [g 	- 'azSz) + 	( 'b - 	s) J + 

	

+ 2LN 	) '° i 	+ 	
• 	() 

The above form involves components in a rotating frame attached to the 

nuclei. Using the same metiod as before, we can write 

('ay,) = 
	

[K(K+i)I.s -

am I 
with an anal'gous equation Cor terms in 'b'  where C is given by tq (11) 



22 

Thus, for K 0, the hyperfLne structure is given finally by just the 

contact term 

-* 	- - 
= 	O'N (-)k'0(0)I 2 a'a + g0I).S 	 ( 1 6) 

where 1*0(0)is averaged over a nuclear vibrational wave function. 
Therefore, the electron spin dependent hyperfine structure of 
+* 

or D2  is especially simple :n the zeroth rotational state. The electric 

quadrupole and nuclear spin-spin interactions do not complicate this 

structure since they do not contribute for this state. Also, the 

electron-coupled interaction between nuclear spins which has been ob-

served in molecules should not be present since they very probably arise 

from the exchange coupling of electron spins. (RAM 56d) 

For D, the nuclear spins are coupled together because of the 

s3,mmetry requirement of the wave function. with respect to exchange of 

the deüterons. The srmnetx of the space part of the wave function in 

the ground electronic state is 
(_1)K  The total nuclear spin, I, is thus 

either 2 or 0 for iC 0. F)r D then 

-)-+ 
= c,I.s 

where 

C = 2gi ()(0)I 2 	 (I8) 

Using the computed vibratiotial wave functions we have obtained the 

+ 
dependence of the D2  hrperfLne structure in the ground state on the 

vibrational quantum numbr v; i.e., theperturbation calculation was 

completed by averaging Covr the vibrational wave functions. Table III 

gives the manitucIe of the lectronic wave function at a nucleus as a 

* 	 + 
Previous treatments of th hyerfine structure of II have failed to 

consider the cases of 	and D in the zeroth rotatinal state. (sTE 59) 
(ii 60) (M171 60) 
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'unc Lion of 1 and Table IV fives the hyperfine structure cuntant C 

veaed over vibrational sLates In the presence of a magnetic field 

the hype rfine structure of is given by dia(conaliZinic the llamiltonicfl 

consisting of (CO) together with the terms involving the magnetic field. 

The resulting energy levels are given, by the BrcitRabl formula. 	
(RAh56) 

Figure 2 shous.the rcsting 	yperfine structure for D. 

Tablelli. The calculated agnctue0f the electronic . wave function at 

a nucleus as a function of, R. 	(Atomicunits.) 	 . 

R ç (0)I R 	k'0 (0)1 2 	 . 	
R. 

0.2 1.601807 	. 2.4 	0.179976 	 4.6 0.12684 

o.4 l.(*691. 2.6 	0.169969 	.4.8 0.l3l62 

.0.6 0.736201 2.8: 	0.16220 	 5.0 0.13835 

0.8 0.55108 . 3.o 	". 0.156233 	 5. O.146O6 

1.0 0.3353 	. .' 	 3.2 	0.151690 	. 	60 0.155 0  

1.2 0.35970 	. 	. 3.4 	O..18282 	 6.5 0.150911 

1. 4, 0.300194, .3.6 	0.15838 	 7.0 0.152939 

1.6 0.260759 3.8 	o.14162 	 7.5 0.i5572 

1.8. 0.231626 4.0. 	0.13100 	 8.0 0.155. 22  

2.0. 0.209665 	. 11.2 	0.1112562 	 8-5 0.156761 

2.2 0.192910 )4 	0.11262 	 9.0 0.1575 

Table IV., The hyperfine structure constant, C, as a function 
of the 

vibrational quantum number vain megacycles/sec. 	Calculated to an 

accuracy. of ± 50 Kc. 

vj0 __ 1 	2 3 	Ii. 	5 	6 7 	• 

I±112.47 _ 
139.77.17.21 1 3482 	132.53 	130.38 	128.311 	126.13 	1211.63 
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• 	 • 	 Figure2 

•Breit-Rabi diagx'am for D for the state I= 2, K.= 0 1  and v = 
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For HD, the spin-Hainiltonian from (6) is 

=(g 	g)S 	 (L9) 

\herc the subscripts d and p refer to the deuteron and proton re-

spcctively. In t1e presenc.of a magnetic field the resulting 

Hainiltonian Ls 

=+ gi>) 	- 2aI 	- bIdz 	2cS 	 (0) 

where 
g 0H 	_____ 

a = 	; 	b = 2 	
and c = 

This Hainitonian is not ever approximately diagonal in any standard 

repreSefltati)fl Let F= + I + S. Then F is 0, 1, or 2 and obviously 

commutes with the Hamiltonian above. We use a representation based 

on the vecto's 1I, m; Id,md; S,m) to diagonalize in each subspacc of 

constant M
F 

o  This subspacc is four-dimensional at most since for any 

we can have 

m = *, md=mF_l; mP=d,rnS2,mdmF+ l 

or.: 

m=±, m8=f', 	m=n. 

Let n(mF) be the dimensionality of the subspace of constant mf . We then 

have 

• 	n(±2) 	1, 	n(±1) 	3, 	and 	n(0) = 

the energy fr F 2, ink. = 12 is immediate Let x = 	and y = C.  

• 	.. 	Then 

-(x+y) ± i. T b T c 	 ()J) 

The energy e L(çenvn.lues for ai F = ±1 and mr = 0 are determined by the 

.oJdLlons to the ecular equations which we write out explicitly u'in 
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the matrix eLements 

Wm t m r mm 	= 

for a.given iaF . For m, = 1 we have the secular equation 

12 

	

x 
	=0 

	

.T2 	
2 2 

	

0 	 x 	(- 	+ a-b-c)- 

(53) 

andformF=_l 

x 	 0 

	

x 	 (--+a+b-c)- X 
=0 

	

0 	 y 	 ( + 
• 12 	

2 

	

and for 	= 0 

- 	- a+1)-c)-X 	y 	 0 	 0 
T2 

	

y 	 x 

	

f2 	• 	
(--a+c)-.?. 	 x 	 0 

0 

	

0 	• 	 x • 	(- 	+ a - c)-X • 	- 	

=  

2 12 

	

o 	 0 	f 	(2i- 

(75)•• 	- 

The solution:;, except for the 	± 2 levels, are complicated to de- 

scribe in analytic form and, in any case, are more conveniently obtained 

by machine computation. 



27 

III.The Exjerimental Invetigation of the Herfine Structure of ID 

and D in the Zeroth otational State 

A. Prop')sed Measurements 

We have proposed an ex )erimcntal investigation of the radio- 

'. 	 + 	+ 
irequency sp(ctrum of liD a;id D2  in the zeroth rotational state because 

of their fun.amental import;i.nce in the theory of molecules and because 

of the tract.bility of the ;pin ilainiltoflian. As was shown above, the 

hyperfine structure can be :ccurate1y calculated for the zerothrOtatiOflLl 

state within the Born-Oppenheimer approximation procedure. The Born-

Oppenheimer or adiabatic aprroximatiofl, in the form we used above, is 

almost universally applied 	molecular structure calculations, but it 

is extremely difficult to e ;timate quantitatively the accuracy of the 

method. Experimental lnowledge of the hyperfine structure of HD or 

would isolate the error of .;he adiabatic approximation itself. The 

simplicity o the theory in this case would enable one to test ways of 

improving the approximation, perhaps leading to a practical method of 

some generality. In addition, these molecules are the only ones for 

which there exists a very aecurately tabulated electronic wave function. 

In spite of t.his informatiol, there have been virtually no obsexations 

of the electronic, vibrational, rotational, or radio-frequency spectra 

of 1i, HD+, or D to test these wave functions, primarily due to the 

technical ob:;tacles which hinder observation of the spectrum of an ion 

in general. For example, the small deflection force on a mactic dipole 

which is utilized in a staniard molecular beam experiment would be corn-

pletely overwhelmed by the forentz force on the electrically charged ion. 

We have devised a rather elaborate experimental method for studying 

D hyerfine structure. Th method consists of producing a beam of 
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nuclear-spin polarized neutal D molecules, ionizing them by electron 

bombardment (retaining the .)olarization) and detecting the spin polariza-

.tion by mean:; of the nuclea. reaction, T(d,n)He, in which the emitted 

neutrons are given off with anisotropic angular distribution character-

itic of the nuclear spin plarization. The angular distribution of 

the neutions is aiered when the spin polarization of the deuteron nuclei 

in the D is changud by a r.dio-frequency resonance transition. The 

transitions are observed in this way. This very complicated technique 

seems to be the only way to get at the hyperfine structure of D 2. in the 

zeroth rotat:onai state, an i itis precisely the zeroth rotational state 

which shouldbe examined, sLnce it is only for this state that the spin-

Hamiltonian takes a tractable form.*  A spectrometer utilizing the method, 

we have discussed was desigied and constructed. and is described in de-

tail in the foflowing sectin (III B). 

* 	 . 
The "ion t'ap" method of ;)ehmelt is not applicable because the alignment 

dependence o;: D (or H) photodissociation is negligible for the K = 0 
state. (DEli 62) 
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B. Th Spectrometer 

1. General Consirations. 

Aspectlometer has bec designed and constructed for an experi-

mental investigation of the radio-frequendy spectrum of D in the ground 

vibrational .nd zccoth rota ;ional state. In the folipwing sections the 

details of the construction as well as the important design considerations 

are given. Wc first describ the overall apparatus and the experimental 

method referring to Fig. 3 .  md Fig. 4 a,b,c. 

A beam of deuteriuni mo. :ecules primarily in the ground vibrational 

and zeroth rotational state issues from a source aperture and traverses, 

• 

	

	 successively, a small diffe:'ential pumping chamber and a long in- 

homogeneous magnetic focuslig field or A-magnet of the hexapole type. 

• 	 Only certain nuclear spin s;ates are present in the beam as it leaves 

the A-magnet, others having been deflected out. The molecular beam 

then traverses a secbnd dif''erential pumping chamber and finally passes 

through an eJ.ectron gun 'whe.e it is bombarded by an electron beam. A 

fraction of the neutral bean is ionized by electron bombardment to pro-

duce D. The ions produced are drawn out of the ionizing region and 

acäeleratediipward.by means of an electric field. (An accelerating grid 

is not evident in Fig 3.) Calculation shows that, in the ionization 

process, most of the ions remain in the original zeroth rotational state. 

and that the are formed in a distribution of the lower vibrational 

states; and, if the ionizat.on process occurs in a "strong magnetic field, 

the nuclear pin polarization remains unchanged. For this purpose the 

electron gun is placed betwen the poles of an electromagnet. The ion 

beam so formed is roughly focused by electrostatic lenses and passes 

through a radio frequency f.eld (actually separated r.f. fields of the 

Ramsey type) in 'which Zeemao and hyperfine structure transibions can be 
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Figure 3 

Diagram o' D 	spectrometer 
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ZN -5483 

Figure 4a 

View of part of the spectrometer with source chamber at the extreme 
left. The ion beam is accelerated upward in the vertical brass column, 
at the distant end, which connects to the accelerating column shown in 
Fig. 4b. 



 WN 

I 

F 

ZN -54 84 

Figure 4b 

View of part of the spectrometer showing the accelerating column and 
high voltage dome. 

32 
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ZN -84 85 

Figure 4c 

View of part of the spectrometer showing the accelerating column and 
neutron counters. 
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induced. The beam is then accelerated to several hundred kilovolts 

energy to st'ike (with propr focusing conditions) a solid target con-

taining trit..um where T(d,n)He reactions occur. The 14 MeV neutrons 

given off in the ieaction have an angular distribution which depends 

on the spin 1ignment of ti; deutrons in the beam. Neutron (scintil-

lation) couners observe t neutron flux at 1800 and 900 from which 

observations it is possible to determine whether or not a radio fre- 

• 	quency trans;;tion has occurred. 

2. Gas-Feed System 

The gas•feed system pr.wides a uniform, easily controlled, flow of 

molecules to the source at a low pressure. The pressure is adjusted to 

be as high a;; possible, so as to provide the most intense beam without 

greatly exceeding the limit;ition 

- R, 

where X is the mean free coLlision path inside the source and Ris the 

radius of the source aperture. This limitation arises because further 

increase in pressure only slightly increases the beam intensity while 

the total gas emerging beco;nes excessive. In practice X is usually 

slightly greater than R. (RAM 56a) The gas-feed system actually con- 

structed is simple yet adequate and convenient. Figure 5 shows the system 

in diagraimnatic form. A low pressure regulator supplies deuterium gas 

through a needle valve to a variable leak at about 5mmHg. The variable 

leak is adjustable so as to deliver gas at a pressure controlled to 

within one-tenth rrun Hg. In operation, it is found that about 2mm Kg as 

measured at the oil manometr gives the maximum desirable pressure inside 

the source. 

The gas-feed system can.also deliver deuterium gas to the magnet 

chamber as Fig. 5 siibws. Triis provides an extremely high intensity 
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deuterium soiuce (unpolari;d, of course) to the electron gun giving 

a copious source of ions anI a means, thereby, of easily checking out 

the operation of the accele rating column, target and counting equipment, 

as well as a first crude adjustment of voltages on the electrostatic 

lenses. 

3. Molecula:' Beam Source 

The con;tructibn of th source is shown in Fig. 6. Molecules 

emerge from a circula' aperture, .0135" in diameter, forming the 

"beam" which enters the field of the hexapole focusing magnet. The 

design permi -i;s the formatioi of a beam of deuteriurn molecules pre-

dominantly in the v = 0, K 0 state. This is achieved by cooling the 

gas in the s urce to a temp 2rature 20 0K or less, at which, after thcrmal 

equilibrium i?.s reached, virtually all the molecules are in the ground 

vibrational and rotational ;tates and 98% are in the ortho form. (See 

Appendix A for a discussion of ortho-and para-deuterium.) Thermal 

equilibirum between the ortio-a.nd para-f'orms is not readily achieved 

and depends on the presence of a catalyst (e.g., NiC12).*  However, we 

note that conversion of par.i- to ortho-deuterium does not result in a 

large gain oi k = 0 over k istates since, in any case, at least 2/3 

of the moleciles are in the ortho. form. (Appendix A.) 

Asimplo calculation u;ing classical statistics verifies that, at 

20
0
K, the ratio of K =2 to 	= 1 states is less than .01 0/,,. (Of course, 

• the ratio of v = 1 to v = 0 states is much less.) Therefore, it is 

apparent that, at 200
K, 2/3 of the molecules are in they = 0, K = 0 

state and 1/3 are in the v 0, K= 1 .state if no catalyst.is  present. 

and up to 98' in the v .0, K = 0 state if cataltic conversion occurs. • 

See, for example, FAR 40. 
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The gas is cooled by using a method evolved by Swenson (STE 54), 

(will 59). Referring to Fig. 6, deuterium gas enters as shown at the 

top and flows down through the central OFIIC copper tube which is in 

contact with the heat exchanger. (Copper tubing solder-bOfluea to tnc 

central tube.) A mechanical pump draws liquid helium up into the heat 

exchanger where it evaporates extracting about 20 cal/mole. The helium 

vapor circulates through the coil extracting more heat as its tempera-

ture rises to the desired control temperature. The rate at which 

helium is drawn through the coil determines the control temperature and 

is set by a needle valve in the line to the mechanical pump. This is a 

rather coarse control, but, as pointed out above, the temperature need 

not be precisely regulated and the design is quite adequate for spectro-

scopic applications where results are not based on actual measurements 

of beam intensities. Of course, the temperature of the deuterium must 

not be less than about 13 0E corresponding to a deuterium vapor pressure 

of 2.14mm Hg. 

After the source is filled with liquid N 2  and He and cooled, it is 

necessary to aligu the aperbure cOrrectly with respect to the rest of the 

nitrogen-cooled part (pistoi seal) providing, for an initial adjustment 

following installation of.te source (Fig. 6). The entire source is sup-

ported by the apparatus'shown in Fig. 7 and, therefore, can rotate on 

ball bearing:; and move vertLcally in a piston-type seal. For routine 

operation three motion contcols are used to achieve and maintain align-

ment. The source is rotate] by 'turning either of two screws and moves 

vertically by turning the Jirge control nut (see Fig. 8). In addition, 

the aperture can be moved 3:Lterally (horizontally) by means of an cx-

ternal contr:)l operating a t'od which engages the source between teflon 

knife edges. 	, 
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igure 7 

Diagram of the movable supprt for the mo1ecularbeam source. Vertical 
movement is on threads and Totational movement is on bail bearings (which 
are indicated indicated in ;he figure). 
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Figure 8 

View showing vertical and rotational adjustment controls of the source. 
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The ape!.,ture itself i illuminated by a ring of "stiippeu" 

flashlight bulbs through which the beam passes, inside the source chamber. 

A telescope is permanently mounted, permitting a constant check on the 

alignment of the source. In operation, once adjusted, the position of 

the source j:; reasonably stable; it requires a small adjustment ap-

proximately wery 30 minutes because of continuing thermal expansions. 

4 Hexapole Foc1ising Magneb 

a. General Desin Considerations 

The expLicit nuclear spin states of D and their effective magnetic 

moments are ;l.s follows, where X describes the total nuclear spin and 

where a and 13 describe the spins of the two nuclei: 

Table V. Nuclear spin funcbionsfor D2 . [Deuteron magnetic moment, 

.857 1N and rotational magnetic moment, iR 	 56g).] 

K = 0 (Ortho-states) 
• 	Spin, Functions 	 Ivlagnetic Moment 

• I = 2 

	

x21 	(a 	+ 

	

X20 	(a11 + l-1 + 2qOP 	 0 

(a1 + -l0 

	

I = 0 X00 	(a 11  + a11  - a 0 ) 	 0 

K = 1 (Para-states) 
Spin Functions 	 Effective High Fie'd 

Magnetic Moment 

I = 1  

	

11 	
(a0 - 	 R D' D R 

	

 10
(a _ - -ll 	 R' 0, 

	

x11 	(a 10 	_) 	 R' 	D' 	D R 
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The sep;Lrationof the uc1ear spin states is best achieved by a 

strongly inh')mogeneous magnt.ic field; (the effective magnetic moments 

we are conce-ned with are of' magnitude 11N). The practical choice for 

a separating maguet is one Df three types; a conventional Rabi magnet, 

a quadrupole focusing magnc., or a hexapole focusing magnet. 

The ide.l hcxapolë ficl.d is shown in Fig. 9. It provides a 

cylindrical irolume in which the scalar potential 

q) = 	rcos30 	 (6) 

where r is the distance froin the axis, 0 the cylindrical angular co-

ordinate, rm  the radial distance to the pole tips, and Bm  the value of 

the magnetic field at the ple tips We also have 

• 	 2 
B = B () 	 (7) 

and 	
2B 

(58) 

Therefre, the force on negative maetic moments is .' and these atoms 

or molecules oscillate abou,t the axis and are "focused". Positive 

magnetic moments, on the other hand, experience a force in the positive 

radial direction and are defocused (see Figs. 10 and 11). (RAM 56b) 

Different velocities are focused at different positions. 

We will not consider the quadrupole magnet because of the greater 

focusing power of the hexapole type for the same pole tip field strength 

whereas the difficulties of construction are somewhat comparable. In 

addition, there may be some difficulty for the quadrupole magnet in 

transforming the mu.ltipole field into a homogeneous field at the output 

end. 
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In Od:' to 'bring out clearly many of the factors involved in the 

design of the separating menet, it is worthwhile to compare in some 

detail a hex:pole focusing ield and the conventional Rabi deflecting 

field. Consi.der the system of Fig. 12 which uses a conventional Rabi 

deflecting nrgnet for the •paration of states of the D molecule. Let 

the effective magnetic moment be .i, the field gradient be VB, the particle 

mass be m, the most probable velocity be a =421/m and the beam velocity 

distribution be 
210v3 e_\Ija 

1(v) 	 (9) 
a 

Then the deflection for velocity a is 

Sa = (!) 

 

(21, 1 + £2) 12 	 (60) 

We can calculate, with small error, the deflected beam intensity at tne 

detector plane for a given velocity by applying the deflections to 

components of the undeflected beam as described by Ramsey (RAM 56c). 

The undeflected beam intensity at the detector plane has a trapezoidal 

distribution. If we approxtmate the trapezoid by a rectangle. of equal 

area and height, the resulting.deflected beam intensity for velocity a 

and source slit of width a, is 

S 	_Sjs+a 
I(s) 	100 	S 	a) e 	 (61) 

where s =0 on the system axis and 100 is the maximum urideflected 

intensity (height of the trapezoid). Integrating over the detector slit 

of width 2d, the intensity at the detector is 

_Sai/a+d 	 -Sja-d 
I 	{(a+d) e 	. 	. - (a-d) e 	

} 	
. (62) 
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Let us choose d = .8a. Thc 

/ 	Sjl.8a . 	-SO.2a 	 . . . 
I = i a(i.8 e 	- 0.2.e  
D 	OO\ 	 / 

This gives ID/IOOa, which is essentially the ratio of intensity at 

the detector with the maeb on to the intensity with the magnet off, as 

a function of Sja. If we require a 9510 rejection of this state at the 

velocity a we have 

iD a 	05 	 (61) 

which gives SaJa 6.5 after some numerical calculation. We apply this 

to the K =0, D2  states X2+1 for which p. = ±.857 	(If 95% of the 

states aredeflected out then an even greater percentage of the X2+1   

X2±2 states will  be also.) For a = .003", p. = .857 p., VII = 47.5 KG/cm, 

T =. 25°K, the 95% rejection condition requires (22+  1)22  = 1.3 X 

We take the practical minimum of L
as 8.5 cm, giving 22 = 28 cm. The 

acceptance solid angle is then 

= 	2dh 	1.1 	o_ 6 	 . 	(6) 
0 	(21+ 222)2 

h is the detector height which we can take as 3/16 inch. . 	. 	. 

We can now compare this solid angle with that of a hexapole focusing 

system which separates D 2  states. In AppendixB, the acceptance solid 

angle is calculated for a hexapole magnet which focuses a point source 

of molecules of velocity a to infinity at the exit end [Eq.(B-12)]. 

(There is no necessity for flaying a small detector and focusing to a 

point.) The result for the most probable velocity is essentially 	. ., 

Bi 

- 	 (66) 
kT 

For p. = —.857 p N 1
Bm 1g., and T = 25°K, we obtain 
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=4. 6 x io 	 (7) 

ThIs is a larger solid ang12 than that calculated for the Rabi system 

above by an arder of magnitude. However, the hexapole magnet focuses 

a beam from a circular aperture rather than from a slit and, in ad-

dition, velocity aberations reduce its effectiveness. If we assume a 

source, aperture of radius elual to the slit width or . 003", the product 

of the solid angle and soure area for the hexapole magnet is twice that 

for the Rabi deflecting maget and velocity aberations must still be 

considered We then have te interesting result that, on intensity 

considerations alone, and for "comparable" sources, the hexapole magnet 

offers littl or no gain over the Rabi magnet The gain due to focusing 

is essentially offset by the use of a small aperture instead of the slit 

(This conclusion does not depend on the paraxial type of focusing con-

sidered as can be seen from the expression for the acceptance solid 

angle, Eq (B-il) in Appendic B ) For low pressure limited sources, 

which can be of large area in the hexapole case, a significant gain in 

intensity is possible. For example, if we repeat the above comparison 

using an aperture of 015 radius instead of 003", the hexapole magnet 

produces a gain in intensity of a factor of 50 For optimum focal length, 

velocity aberations might be considered to reduce this to a factor of 25 

in a practical case This result agrees exactly with that advantage 

factor coücluded by Lemonick, Pipkin, and Hamilton for an operating 

focusing atomic beam aparatus using an oven for silver, gold, and copper 

and a 030" diameter source (LEM ) 

For the D2  source already described it would appear that no great 

advantage is taken of the focusing power of the Yiexapole magnet How-

ever, because beam broadening limitations are not as severe as for a 

Rabi magnet, a larger aperture can be used with channeling and a 
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hexapole magnet is slightly advantageous. In addition, a hexapole 

magnet a11ow; latcr changes in source design which will greatly in-

crease beam intensity. 

b. Construction Details 

A hexapole focusing magnet was designed and constructed toproduce 

a beam of D molecules of aiequate intensity and polarization. It has 

a yoke of soft steel and six pole pieces of Armco iron. Each pole piece 

carries 10 turns of 3/16" cpper tubing inside woven glass sleeving for 

insulation. Equal lengths of copper tubing are connected in parallel 

for water cooling and are electrically connected in series to a (Kepco 

model K012-100) regulated d supply which provides 80 amperes at 12.3 

volts with a water temperature rise of about 28
0C. For experiments to 

be conducted later a higher current will be supplied although saturation 

will occur near 100 amperes. 

The ideal hexapole fieLd requires pole pieces hyperbolic in cross-

section but it is adequate to approximate the shape quite roughly. 

Figure 13 is a cross-sectional diagram of the magnet showing the yoke 

and pole pieces and, in add LtlOfl, the construction of a stop which is 

placed 	inches from the entrance end. The stop can be inserted into 

place on the axis of the manet or can be completely withdrawn from the 

aperture bymeansof a si],prion operated rod. The purpose of the stop is, 

of course, to prevent undeflected molecules from passing through the 

magnet. With the stop withdrawn and the magnet off, an unpolarized D2  

beam can be detected forthe purpose of verifying the alignment and  

operation of many components of the spectrometer. 

The yoke and four, pole pieces are 20" in length whereas the top and 

bottom pole pieces extend an additional 2" beyOnd the exit end of the 

'1 ' ' 	magnet in order to transform the hexapole field into a homogeneous field 
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Figure 13 

Cross section of hexapole magnet showing the movable stop, pole tips, 
windings, and yoke. 
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• 	without prothcing rapid choiges in field direction. 

The pole pieces are ta ered from the entrance end for a length of 

5" so that the radius of th magnet aperture varies linearly from .050" 

to the maximn of .100" ove' this distance. That is, the pole pieces 

are "shaped" to the acceptaice solid angle of the magnet for a point 

source. This has the effec; of increasing the focusing power of the 

• 	magnet considerably. In viw of the small magnitude of the magnetic 

moments in our case 	the focusing power is a critical factor in 

obtaining adequate intensity for the polarized be. 

Measurenents at the ex Lt end with a Hall effect probe showed that 

B, the magenticfield at t)e pole tip radius, is approximately 6 X l0 

2 	 gauss •at max:i.mum current. 

c. Separation Efficiency arid the Resulting Intensity and Composition 

of the D, )  Beam 

The hexapole separatiori magnet focuses those molecules coming from 

the source aperture (2.' from the entrance end), into the ionizing 

region of the electron gun (25" from the exit end) which satisfy the 

following conditions: 	• 

l) ff <O 

The velocity is within a velocity acceptance interval for the 

• 	• magnet determined by the focusing conditions. 

The velocity makes an angle, e,with respect to the axis of 

	

• 	the magnet such that the molecule neither hits the stop nor 

	

• • 	exèeeds the radius of the magnet aperture. The "angle ac- 

• 	 ceptance interval" is determined by the transmission conditions. 

• 	All molecules not satisfyin, the focusing conditions and .the transmission 

-• 	conditions are effectively removed from thesystem. Table V shows that 

only those molecules having nuclear spins states X2_2 , 	and 
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satisfy condtion (l)*, the other states are defocused or hit the stop 

We can estimate the equivalent acceptance solid angle, £, for each 

of the state' X2_21  X2_11  and X1_1 
 defined by 

= gFc 	 (68) 

where F is the intensity pt the source per steradian o  g is a multi-

plicity factor, and Q. is the number of molecules per second transmitted 

by the magnet and focused into the ionizing region of the electron gun. 

In the calculation the tapei' is taken into account as an increase in the 

focusing power of the magnet through Bm•  The trajectory of a focused 

Molecule of velocity v, entering the magnet at angle 0 with respect to 

the axis, is given by 

	Wz 
r = eJ 2+ v2/w2  s1n( + a), 	 (69) 

where I is the distance from the source to the magnet, z is the distance 

from the entrance endarong the axis, and r is the radial distance from 

the axis. tana = £/v and t) = 10sec for Bm = 10 ) 000 gauss and 

eff = - 	
The focusing condition requires that 

• 0 < () 	< 10_2 	 (70) dz exit 

determining a velocity acce )ta.nce interval. The transmission condition 

requires that 0(v) < 0 < 0(v) and the two conditions together give 

the total focused flux throigh the magnet in terms of an integral over 

the velocity distribution oZ the beam times the function t(02 - 2 max nun 

The result of such an estimtion shows that for Bm = 10,000 gauss 

The use of a catalyst in ;he source will effectively eliminate the 
state X11. 
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=ixio  
2-2 

a 	=xio 6   

= 3 X  10 
-6  

Assuming molecular effusion from the source, we can now estimate 

the focused beam intensity Cor the states X2_2 , X2_11  and X1_1 . At 200K 

and 1mm pressure in the sou 'ce 

F0 = As 	10 	sec 73 
(71i.) 

Using the proper multiplicfty factors, g = 1/9, assuming that no 

catalyst is used, we obtain for the focused intensities, 

12 10 	sec-1  2-2 (7) 

1 X l011sec  

3 )< 1011sec  

If a catalyst is used, we eliminate the state X1_1  and obtain 

1.7 X 1012sec 2-2 
 

6. 7 x 1011sec (7) 

5. 	Electron Gun 
+ 

• 	 The most difficult proulem in the design of the polarized D2  source 

is presented by the electron gun; and it is obvious that the most 

significant improvement can be made by increasing the ionization ef- 

ficiency through an improved electron gun. 	Such is also the case in the 

design of polarized ion sources for injection in cyclotrons 'where, 

presently, ionization efficiencies are of the order of 0.1%,  but where 

ultimate efficiencies of 5-10% are expected. 

The desirable features Of the electron gun clearly include high 
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ionization e:"ficiency of th neutral polarized beam with low ionization 

• 	 ofbackgrounn (unpolarized) D2 , preservation of the polarization, and 

efficient extraction of the ions in a beam which can be accelerated and 

focused on the target. The ionization efficiency, of course, is best 

for the highest electron current densities which one can attain with 

energy near the peak of the cross section curve and which include as 

much beam voLume as possibi?. The background ionization is minimized by 

restricting' ;he ionization volume to the molecular beam volume and. having 

good pumping of the ionization volume. Free passage of the D beam. 

through the electron gun also decreases background. The perservation of 

the polarization is assured if the ionization occurs in a "strong" 

magnetic field and therefore, the electron gun must be placed between 

the poles of a magnet. 

The design of the elecbron gun was based on the requirement, 

dictated by space restrictions, that the ion beam be vertical whereas 

the neutral beam be horizont;al; i.e., the ions are extracted upward. 

It is necessary that the elctron emission end, preferably, the ion 

extraction, be along the direction of the magnetic field which is, there-

fore', also vertical.. We have chosen an electron gun design using planar 

geometry for simplicity of analysis and construction. (PIE 49)  Actually, 

cylindrical geometry offers several advantages (DIC 64), but it is more 

difficult to achieve radial extraction 

The electron gun we have constructed consists of a directly heated 

2% thoriated tungsten cathode and a system of grids mounted on a 

molydenuxn supporting structure which is attached to a water-cooled 

copper base plate (See Fiu l and 15. )  mc óntire elcctron gun lb 

placed between the pole tips of an electro-magnet (herein called the 

ionization magnet), so that the ionization process occurs in a "strong" 
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field. The i'ield is measurd to be 500±50 gauss over the ionization 

region. Figure 16 shows th ionization maiet with the gun in place. 

The cathode is in the form f a strip or ribbon .100" wide and .00221t 

thick, each (nd of which pa;ses over a molybdenum rod and is spot-welded 

to a molybdenum tab. The c Lthodc is delicately spring-loaded (tungsten 

springs) so as not to sag wen heated to operating temperature (2000 °K). 

The neutral beam passes •len;thwise over the cathode between two of the 

grids (see Fig. 17). The width and thi1mess of the cathode are 

criticaiwith respect to th spring-loading mechanism if the cathode is 

• to survive several heating and cooling cycles. In the present design a 

cathode can be used for per LOds longer than five hours at a total use-

ful emission of 50ma. (i.e., drawout or D-grid current of Fig. 17) 

with the ionization magnet on and with the grid potentials shown in 

Fig. 17. . (190  ma with it off.) We have successfully operated the 

electron gun through two or three heating and cooling cycles at this 

level before being required to install a new cathode, a relatively 

simple procedure. 

It is also essential, in order to preserve the activity of the. 

thoriated tungsten, to come to operating temperature slowly enough to 

preserve a good vacuum 	10mm Hg) at the cathode since, of course, 

outgassing occurs. (For a description of the activation and operation 

of thoriated tungsten emitters see NIT 65.) 

• 	The simplest choice of a cathode material would seem to be a 

directly heated bare metal in the form of a wire or strip, and an 

intensive effort was made to use, successively, tantalum wire and strip 

and pure tungsten strip. The temperature requird to obtain sufficient 

emissiOn (> 2300
0K) resultci in sagging of the cathode, a difficulty 

which was never satisfactorily overcome. The horizontal position of the 
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filament made this problem •xtreme1y difficult. An intensive effort 

was also made to usc'an ox'1e-coated cathode. These cathodes were pure 

nickel with . coating (suppLied by R.C.A.), consisting essentially, of 

barium and strontium carbortes in a ni'gro-cellulose binder. Activation 

of the cathoié consists of a prescribed heating schedule which reduces 

the carbonates. to oxides arvl some free barium and strontium atoms. The 

free metallic atoms diffuse to the surface and become the thermal emitters. 

(MIT 65, KOH 60) These cat iodes have a low work function and therefore 

operate at much lower temperatures (900
0C) than those of bare metal. 

It was found, however, that outgassing of, primarily, water vapor in-

variably poi;oned these cataodes within 30 minutes. Descriptions of the 

difficulties in preventing a loss of emission due to outgassing by 

electron bombardment in coniriercial glass tube manufacture discouraged us 

from further attempts to 	the oxide-coated cathodes in our system. 

* 
• We 'obtained , instead, 2% tiioriated tungsten strips of various widths 

and thicknes;es arid, by testing various strips, achieyed the present 

• directly heated spring-load d cathode. 

The grics (Figs. 14 and 17) were constructed as follows. The 

molybdenum gid blanks were clamped to a jig, held in a lathe, and wound 

• with .002" tungsten wire to obtain about 90% transmission. The tungsten 

wires were then gold brazed to the molybdenum in hydrogen, using a tech-

nique to'keep the melted gold confined to the desired areas. This tech-

nique consists of first painting the grid with ttflç  of magnesia" except 

on the areas where the gold brazing is to be done, and allowing it to dry. 

After brazing, the ends of the grid wires beyond the brazing are cut 

* 	 ' 
From H. Cro:;s Company, 363 Park Avenue, Weehauken, New Jersey. 
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away. The first grid, labe.ed A0  in Fig 17, could not be gold brazed, 

however, because its temper:Lture exceeds that of the melting point of 

gold, when the electron gun is operating. Tungsten wires were spot 

welded to the molybdenum grid blank in constructing A0 . 

The use of d.c. or 60 c:ycle a.c. current to heat the cathode caused 

mechanical d srupt.Lon of th cathode when the ionization magnet was on. 

We decided, as a solution t this problem, to go to a frequency much 

higher than cny mechanical esonance frequency of the mounted cathode 

and, accordingly, a 250 wat;, 100 Kc oscillator was constructed and used, 

quite satisfactorily. As Fig. 17 shows, a variable capacitor is in . 

series with the filament in order to minimize the total reactance and 

therefore maximize the power dissipated in the filament. Also, as in-

dicated in Fig. 17, the ion; can be produced at a variable potential 

with respect to ground, i.e., the rest of the spectrometer. Thus the 

velocity of the ion beam afL;er extraction is independent of the electron 

bombardment kinetic energy. This is desirable, since the velocity of 

the D ions through the r.I. region should be as low as possible, in 

order to increase the frequmcy resolution. 

With the present design the total useful emission as stated above, 

is 50 ma. This current is approximately unifoiinly distributed over the 

2 
grid (A1) aperture giving a current density of 2.8 X 10 amp/cm . The 

length of D2  molecular beam which is in the ionization volume and from. . 

which D. ions can be efficintly extracted and focused on the target is 

approximately one inch. 	 . 	 . 
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Figure 14 

View of electron gun. 
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Figure 15 

View of electron gun with all grids removed. 
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7igure 16 

View of electron gun in place between poles of the ionization magnet. 
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Figure 17 

Diagram of basic electron Can circuit. A0  and Aj are electron 

accelerating grids. Typical operating grid voltages with respect 

to the filament are indic&ted. 
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Ion Focw;ing System 

A £ocus:ng system is ncessary to maintain the beam cross-section 

over the dis;anee between tie ion source and the accelerating column. 

This distance includes the region in which r.f. transitions are induced. 

The focusing system used ccisists of four electrostatic lenses with 

cylindrical ymmctry around the beam.axis, (see Fig. 3). Each lens is 

formed by three coaxial brass cylinders in line. The end cylinders are 

• 	 grounded and the center cylLnder is a constant negative voltage providing 

two focusing gaps for each Lens. The first cylinder of the first lens 

fits into the upper pole picce of the ionization maet through which 

• 	 ions are accelerated by the extraction electrodes of the electron gun. 

Studies of ion-beam focusing (see LIV 62) have shown that; 

(a) ion-beam divergence due to space-charge forces can be compensated 

• 	 using electrostatic lenses, 

• 	 (b) arrangement of lens electrodes is not critical for reasonably good 

• 	 focal properties if the potentials are properly adjusted, and 

(c) the .firt accelerating gap between the ion source and accelerating 

column is the dominant lens. 

• 	 The design of our focusing system is based on these considerations. 

Enough lenses are provided with adjustable voltages to guarantee suf-

ficient beam control and the first accelerating gap is placed as close 

as possible to the ion source 

The Accelerating Column 

The tube for accelerating the D ions to the approximately 300 KeV 

• • necessary for the nuclear rcaction, T(d,n)He, to occur at maximum cross-

section is shown in Figs. 4, C. and 18. The accelerating column has an 

overall length of 36" and is constructed from eight glass sections (7/16" 

wall) joined by epoxy to the end aluminum flanges and seven intermediate 
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aluminum rinç-electrodes. Aluminum spinnings, one for each section, are 

attached by metal clips, to the lover flange and the ring-electrodes. A 

removable po:Lished dome-like aluminum spinning sits on top of the 

column to minimize coronal Iischarge to the similar domes shielding the 

counters. The aperture of the column must be large enough to provide 

adequate pumping speed. The glass sections have an inside diameter of 

six inches wid the aperture of the column determined by the aluminum 

spinnings is 2 7/16". 

The column is designed to produce a uniform field on the axis when 

the total potential of -.300 KeV is equally divided over the eight 

sections; i.e., the aJinunin;nn spinnings closely approximate the proper 

equipotentiai surfaces for a uniform field on the axis. (It should be 

noted that aeceleration of the beam in a uniform field tube makes a 

divergent beam less diverge t and thus acts as part of the focusing 

system.) A resister chain 3.cts as a voltage divider and is contained 

within a heavy tygon tube wcund around the column and connecting to each 

ring electrode. The resistance across each section consists of 30 ten 

megohn resisters in series. This design of the voltage divider is very 

satisfactory. (Attempté to operate with eight high voltage resistors 

mounted on a lucite panel using polished aluminum connectors failed 

because of discharge into the air.) 

In order to bring the counters closely enough, without discharging 

• the column, it was necessary to interpose between the aluminum domes a 

half-inch thick lucite sheeb. Charges build up on the surface of the 

lucite which thereby carries a considerable fraction of the potential 

('.300 KeV) between the dome:$. The high voltage 9upply for accelerating 
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Figure 18 

Diagram of the accelerating column 
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the ions is provided by an 1ectrostatic generator (ss model K300- 1 ). 

• The generator supplies a cc itinuously adjustable d.c. regulated voltage,. 

• 

	

	 0-320 kV, wii;h a maximum cu'rent of 1.5 ma. During operation at 300 kV 

the current drawn is usualJ. r between .8 - .9 ma. 

8. Tritium Target 

The target i a titani m tritide foil 8 curies/sq.in . , 1 1/8 inches 

• 	 in diameter r'ountcd at the ugh voltage end of the accelerating column , 

(Fig.18). It is made by dc.ositing titanium tritide by evaporation on 

a stainless tee1 foil. T result is a "solid tritium target" of 

titanium tritides which con ;ists of primarily T±T 2 . Assuming a com-

position of YiT2  and the alve activity, the. thickness of the active 

target is ca:Lculated to be ibout 2.2 X 10cm. Using Bethe's formula 

for the rate of enerr loss of charged particles in passage through 

matter, the range of 100 lCei deuterons in Ti can be calculated. Ac-

cording to the formula, the enerr of a 100 KeV.deuteron, measured, in 

terms of the crosssection of the reaction T(d,n)He, has fallen to 6% 

of the maxinium'cross-section at the depth of 5 X 10 5cm. (This agrees 

with the result inferred from experimental values for stopping power of 

various metals for protons riven by Ward Whaling, Handbuch der Physik, 

V. )OOCIV, p.  202.) The taret is, therefore, clearly a "thick target" 

for 300 KeV, D ions. 

* SocitAnonyme de Machines Electrostatiques l  Grenoble, France; 21 rue 
Jean lvlac&, New York Office; SAS - 30 Broad Street, New York 11, N.Y. 

** 
Target obtained from U.S. Radium Corp.; NorthHollywood, California; 

5420 vineland Avenue. 
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9. Neutron Count:Lng System 

+. 
In orde to detect ra(Lo-irequency transitions by the D 2

ions in 

the beam, 14 MeV neutrons from the reaction T(d,n)IIe are countcd. 

Neutron coim;ers,each int('rcepting approximately i% of --jt steradians 

0 	 0 
centered at the target, art: placed at 180 and 90 with respect to he 

sean. Each eountcr consists of a cylindrical plastic sci,ntiilator, 5" 

in diameter and 5" in lengta together with an R.C.A. 706photomu1tip1ier 

tube and voltage divider. The assembly is mounted inside a dome-shaped 

polished alu1unum spinning (see Fig 4c) The pulses from each prioto-

multiplier a:ce amplified by a pre-amplifier and (Lawrence Radiation 

Laboratory model VI) linear amplifier and are given to a single-channel 

pulse height analiser. The output of the pulse height analyser is then 

connected to a scalar. Eact counter is electronically isolated from 

the othei. 

It is not necessary for us to mow the detection efficiency very 

accurately, but it is imporant that we achieve as high an efficiency 

= 	 as is reasonably possible. For 14 MeV neutrons, the plastic scintil- 

lation counter is a relativ1y efficient and fastdetector. Using the 

same tye of plastic having comparable dimensions and the R.C.A. 70 1+6 

tube, Wigand et al. have measured the detection efficiency for neutron 

energies 1+ to 76 IeV. (wIE .62) Their results appear directly applicable 

to our scint:Lflation counter and indicate a 11+ MeV neutron detection 

efficiency between 15% and  .20%. 

The sources of background counts are as follows: the intrinsic 

"dark curreni," of the phOtonu1tip1ier tubes which,,.howcver, can be. 

reduced by cooling the tube.3 with solid Ca2 ; a sthall cosmic ray :['lux; 

gamma rays which arise from radiative capture of neutions in the wa1L 

and apparatus of the laboratory; neutrons,resulting from the ionization 
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and acceleration of unpolarized D 2  gas which accumulates in the chamber 

containing the electron gun. 

The counts due to unpoLarized D 2  background gas is by far the most 

serious source of background. Differential pumping chambers and a good 

pumping speed for D2  in the region of the electron gun are used to keep 

these counts at a tolerable level. Ivluch of the."dark current background 

can be discriminated against, in the pulse height analyser. 

• 	 Nutrons are detected by means of (n,p) scattering in the plastic. 

At 11 MeV th scattering is still largely isotropic in the center of 

mass frame and, therefore, the recoil proton energy spectrum is, to a 

• 	 good approxi;iation, flat. therefore, if the pulse height were linear 

with energy, all pulse heights up to the 14 MeV would be equally probable. 

However, one expects some jiling up of pulses at the low energy end. 

With the present counters, .fter discriminating against •photomultiplier 

• 	.• 	Itdark current", the pulses •iue to neutrons are approximately uniformly 

distributed up to the maxinuim height. Because of this, we are able to 

cutOff.the pulses below about 2 MeV and, also eliminate most of the gamma 

ray background while only losing an acceptable fraction ( i/+) of 

neutron counts. 

10. The Vacuum System 

The vacuum system is lirgely evident from Fig. 3. Two differential 

pumping chambers are used to keep background D 2  gas in the region of the 

electron gun at a tolerable level. The presence of organic vapors in 

the region of the electron gun and accelerating column is largely avoided 

through the use of a vacion pump and a mercury diffusion pump backed by 

a solid CO2-trapped mechanical pump. The pressure in the region of the 

ion 'beam can be maintained it less than 3 )< 10mm 1-1g. The pres-;ur in 

the A-magnet chamber is less than 2 X 10 6mm Hg. • Additional pumping 
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speed for D is available in the ion beam region and in the second dif-

ferential pumping chamber by continuously coating the three liquid 

nitrogen traps with titanium wrapped tungsten filaments. 

C. Analysis of the Experimental Method 

1. The Ionization of D by Electron Bombardment 

The absolute cross section for the production of hydrogen molecular 

ions by electron impact has been measured by Smith and Tate (5141 32) 
—16 2 

The reaction and cross section occurs at 70 eV, where it is a ' 10 cm , 

and tails off slowly at higher energies. The cross section for the back-

ground producing reaction ë + 112 - H + H + 2e is more than 200 times 

smaller. 

The following aspects of the ionization process are especially 

pertinent to the proposed experimental investigation: 

The excitation of higher vibrational and rotational states. 

The nuclear spin state of the molecular ion after electron impact. 

The molecular ion beam intensity which can be achieved. 

Each of these is considered in the following paragraphs. 

The calculation of the hyperfine structure of D as a function of 

the vibrational quantum number shows that the different vibrational states 

are easily resolvable (see Table IV and Fig.2), Since intensity is the 

major problem, it would be desirable not to excite vibrational motion, 

however, it is well known that, both in molecular excitation to higher 

electronic states and in ionization of the molecule by electron bombard-

ment, a distribution of 'final vibrational states results. In fact, 

electronic excitation or. ionization closely obeys the Franck-Condon 

principle for bombarding electron energies much larger than threshold; 

i.e., for energies >70 eV. According to this principle, a change in 

the electronic state of the molecule takes place so rapidly in comparison 
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to the vibrational or rotat:Lonal motion that, immediately afterwards, the 

nuclei still have very nearLy the same relative position and velocity as 

before. (This is, of cours(!, just the sudden approximatiqn of quantum 

mechanics applied to the mo;ion of the nuclei.) According to this 

principle, the transition p'obability to a final state is proportional 

to the square of the overlap integral between the initial and final states. 

There seems to be little doibt about the applicability of the Franck-

Condon principle to the vibcational motion of the nuclei in both excita-

tion and ionization by electron collisions. The experimental study of 

intensities in band progressions in molecular emission spectra for the 

case of excitation by electron collisions shows that the relative transi-

tion probability to differeit upper vibrational levels is proportional 

to the square of the overlap integral formed for the initial and final 

level. See hlerzberg (HER 5)b) for a complete discussion and references 

to experimental work. Krauss and Kropf (KRA 57) have computed the overlap 

integrals using appropriate Morse functions for electronic excitation of. 

D2  ( 1E, v=0) to D 
(2,  v=v') and v'= 0 1  1 1  2, 3, 4, and 5. The results 

areshown in.Table VI. 

TABLE VI. Transition probabilities, P(v), for excitation by electron 

bombardment from D2 ( 1E), zeroth vibrational state to D(2E), vibrational 
state v. 

v= 	0 	1 	2 	3 	14. 	5 

.027 	.068 	.10 	.11 	.11 	.098 

Kerwin et al. (KER 61) give experimentally derived probabilities for the 

case of H2  'which agree reasonably well with Krauss and lcropf (who also 

calculated the transition probabilities for the case of 112)  and there-

fore give experimental evidmee favoring the Pranck-Condon principle 
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as applied to the hydrogen aolecule. We, therefore, will take Table VI 

as quantitatively indicatin, the distribution of vibrational states for 

+ 	* 
our D beam. (More accura;e and extensive calculations of overlap 

integrals using our exact v.Lbrational wave functions could easily be 

made but with very little gain.) Table V shows that the D beam will 

contain a distribution over the first eight or ten vibrational states 

with the greatest intensity for v = 3, 4, and 5. The effect of this 

vibrational excitation is t) increase the multiplicity of states, which 

is unfortunate; on the other hand, if sufficient beam intensity is 

achieved, the dependence of the hyperfine structure constant on the 

vibrational quantum number can be examined and compared to the 

calculations. 

Appreciable excitation of molecular rotation in the ionization 

process which would further increase the multiplicity of states in the 

beam would probably not be tolerable. Fortunately, rotational excita-

tion by electron bombardmen seems to be quite unlikely. Ultimately, 

this is due to the smallnes3 of the electron mass. According to the 

Franck-Condon principle, the transition probabilities are proportional 

to the overlap integrals between initial and final states. In the very 

good approximation that the molecular wave functions depend on a 

rotational function of the angular variables as a multiplicative factor, 

the overlap integrals are zero for anychange.AK 0; i.e., the rotational 

functions for D and D for 1Z states are orthogonal unless. AK 0. • Tht, 

the Franck-Condon principle predicts that the great majority of molecular 

* 
It should bo pointed out that at electron energies near threshold, the 

Franck-Condon principle does not apply, presumably because an "indirect" 
process of ionization occur; e.g., autoionization. (BRI 65) 
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ions will still be in the initial rotational state. There is little 

doubt that the principle applies to the rotational motion as well as to 

the vibrational, motion of the nuclei for the case of electronic excita- 

tion by electron impact. The intensity distribution within emission bands 

in molecular spectra occurring in electric discharges shows the "normal" 

distribution seen in purely thermal excitation. This can only mean that 

the djstrlbüi;ion of the moJ. 'cules over the different rotational levels 

in the upper electronic state is practically the same as in the ground 

state and, therefore, that the angular momentum is not appreciably 

altered in excitation by electron collisions. (Other modes of excitation, 

such as collisions with metastable atoms, show large deviations from the 

normal thermal distribution.) If there is strictly no change in angular 

momentum of a molecule on excitation by electron collision and if no 

redistribution through coliLsions occurs in the upper state, the 

rotational distribution wou I.d be determined by the value of the rotational 

constant for the ground.stabe rather than for the upper state from 'which 

emission occurs. In particilar, for 112  excited by electric discharge at 

very low pre:;sure, this effect has been observed by Ginsberg and 

Dieke. (GIN l) Again see Herzberg (HER 50b), for a complete discussion. 

For the case of molecular inization by electron bombardment there seems 

to be no direct experimental evidence that rotational motion is not ex-

cited. However, the essential feature responsible for the strong ap-

plicability of the Franck-Condon principle to the rotational motion is 

present in both excitation and ionization processes, namely, that the 

final state :Lncludes a stabLe molecule in a a state. On the basis of the 

band intensjl;y observations in the case of molecular electronic excita-

tion which we have describes, we can certainly expect that the Franck-

Condon principle will hold quite well in the ionization process as well 
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and that the D beam will be almost entirely in the initial, D 2 , 

rotational state. 

The que3tiOn of whether the nuclear spin polarization of the D2  

molecule is maintained during the ionization is most important. On simple 

• arguments one expects that the probability for nuclear depolarization 

during ionization by an electron to be small. The magnetic field of the 

ionizing electron at the nuclei is of the order of .L0/a 	105
0 	

gauss and 

the collision time is of the.order of 2a0/u 2 X 10r17sec., where u is 

the electron velocity, a0  the Bohr radius, and 	the Bohr magneton. 

The magnetic moment of a deuteron would only precess 5 )( 10
-12  radian 

in a field of this magnitude during the collision time. 

The depolarization of the protons in a beam of polarized hydrogen 

atoms on ionization by electron bombardment has been considered by 

Schlier (SCH 58) and Hughes et al. (HUG 61a) among many others, and, 

for a beam of polarized H, by Garwin (GAR 58) with regard to the design 

of polarized proton sources for linear accelerators and cyclotrons. One 

expects, of course, that If nuclear depolarization in the ionization of 

polarized H atoms byelectrns is negligible, that the same will be true 

for the polarized D2  ionize bion process. Schlier concludes, from calcu- 

• 	. 	• lations by Mi.tt and Massey (MOT 49) for the cross-section of photo- 

ionization of the hydrogen atom, that an estimate in H atom-electron 

collisions for the ionization cross-section a compared to the ioniza- 

• 	 tion cross-section with depolarization Q is given by 	 Cr.a/ 	a2 	(.1/137)2. 

By ionizing in a magnetic field strong enough to decouple the proton and 

electron spins the depolarizing effect is further reduced. by the extra 

factor (v/ve)2 where v is the hyperfine separation in the H atom
hf  

(1420 Me/s.) and Ve  the electron precession frequency in the strong field. 
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The conclusion of all the available theoretical information is 

that the interaction time oC the polarized H atom (or D 2  molecule) with 

the ionizing electron is too short for any appreciable depolarization 

and especially so if the ionization occurs in a "strong" field. This. 

conclusion has been proved experimentally for H and D atoms by 

the already working polarized proton sources for linear ac-

celerators and cyclotrons as, for example, that of the CERN group;* and 

the production by electron bombardment of a polarized beam of 

deuterons for which the polarization was measured to be the theoretical 

• value by Hughes et al. (HUG 61a) (HUG 61b). 

The ionization occurs in a field of about 500 gauss (see page 56). 

From the Breit-Rabi diagram of Fig. 2.this is a "strong" field for 

Assuming the sudden approximation to be valid, which we have justified 

above, we can calculate the final spin state of the molecular ion. For 

this purpose Table VII gives a tabulation of all the spin states of D 

for I = 2. Here X represents the nuclear spin function and 	repre- 

sents the electron spin function. 

* See, for example .. PAIJ 61. 

0 



75 

TABLE VII 

Weak Field States 	Strong Field States 	m1  m8 mF 

X22 	 X22  p 	2 - 5/2 

/5 x21 	+ 	l/5 x22 cpX21 	 1 3/2 

 0 ' 	X20 	 q +J2/5 X21 	X20  

F= 2 	14. • 	4-2/5 X21  cp 	+.f3/5 x20  q 	x21  cp• 4 

. 	Ti/ 	x22  cp 	+[i/ 	x21  cp 	x22  q 	-2 -3/2 

6. 	X22  qf 	 X22  cp - -5/2 

22
+ 11/5 X21 	X21 	-1 4 3/2 

8. 	- 1315 X21  cp 	+ '12/5 X2QCP 	X20  cp 	0 4 4 

9.- '12/5 X20  cp 	+ '.f 	x21 	X21  q 	1 - 

10. 	- '11/5 x21 	+ '1/ 	x22 	 2 - - 3/2 

The field of 500 gauss is strong enough so that the strong field states 

are a good approximation. 	Then for the initial D 	nuclear spin state 

X22  the sudden approximation gives the result that only states and 6 

of Table VI are produced and in equal amounts. 	Sixnilarly,for the initial 

state X21, states k and 7 are produced in equal amounts. According to 

Section 111B3, we expect the D 	 beam to consist essentially of the nuclear 

spin statesX22 andX2-1 in a ratio of about 2:1. 	The estimated in- 

tensities using the present sOurce and a catalyst are given on page 54. 

The D 	beam will, therefore, consist of states 	, 6, 4, and 7 of Table 

VII and Fig.2 with the relative intensities 2:2:1:1. 

The, ionization efficiency of the electron gun can be estimated as 

follows: 	Let Q represent the total flux of neutral molecules entering 
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the ionizaticn region, j e 
 the flux of electrons (electron/cm2-sec) assumed 

to be constant ovcr the reg.Lon of the beam, a the cross-section for loniza-

tion and n tie number densiiy of neutral molecules in the beam. We assume 

that the number of ions produthed per unit volume is a small fraction of n. 

Then the number of ions produced per unit volume of the beam exposed to the 

electron flux is dF/dV and 	 (80) 
dV_aj en 

If the beam has a cross-section of A and an average velocity v then 

n = Q/Av. Integrating the above expression for dF/dV over the volume of 

the beam within the ionization region, we have, for the total D flux, 

F=(oie)Q 	 (81) 

where 2 is the length of tho ionization region. From page 58, the 

electron current density is about 2.8 )< 10
-2  amp/cm2  and the effective 

length of the neutral beam dthin the ionization region is about one 

inch. Taking vas 3.5 X 10 cm/sec and a = 10_16 cm2  we get 

F=l.3X103Q 	 (82) 

or an ionization efficiency of 1.3 )< 10. This value is comparable to 

that attained by the first electron gun ionizers built as part of 

polarized proton sources for linear accelerators. For example, Craddock 

reports, for the first ionier constructed for the proton source for the 

Harwell linear accelerator, an ionization efficiency of between 2 and 

8 x l0. (cRA 61) Hughes,(HUG 61b), reports an ionization efficiency 

of 10 for the electron gun ionizer of their polarized deuteron source. 

2. Radio Frequency Transitions 

The hyperfine structure for D in the presence of a magnetic field 

is given by the Breit-Rabi formula 

W = 22I+1) -. g
10Hm ± 	 + 	 ( 83) 
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where 

x=(g1-g 1) - 

and 

L.W=C. 

C depends on the vibrational state and is given in Table IV, page 23. 

For I = 2 we have 

w = - 	_ g 0I 	 x + 	 (85)_ 

which is plotted in Fig.2, (the units given are for v = 11.)., in weak 

field, 

(86) 

In Section l.above, we showed that the D beam consists of states 

and 7. (see Table V.tI and Fig.2) with the relative intensities of 

about 2:2:1:1. We consider transitions in weak field. Zeeznan transitions 

between various m, levels, for AF = 0 occur simultaneously for F = 5/2 

and F = 3/2 and the energy separations for low field, are 

	

= 	j 0H 	 (87) 

These transitions will occur simultaneously for all the vibrational 

levels and should be comparatively easy to observe. The possible 

transitions involving JAFJ 1 and 16mF 1 =  1 are given in the following 

table (Table viii). The energy separations, of course, depend on the 

vibrational state. 
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T1BLE VIII 

Transition ILFI = 1 	 Energy Change 

-8 (m=.) 

-9 1(m=.-) 	 A67=LW-i0H 

6 	(zi=-) iE76=W-0H 

I(m=-) .- (m= - ) 

- 	1(m=-) E7=W-i0H 

(m = - 	) -+ 	Cm = + =AW 

Since the ion beam is nearly monoenergetic, r.f. transition probabilities 

close to one can be achieve I. The low field, M = 0, transition probabil-

ities are obtained from the Majorana formula. (RAM 6f) The proposed 

procedure would be to detern1ne the magnetic field first by means of 

the low frequency AF = 0, transition. Then a search can be made for 

= 1 transitions. The ;wo frequencies appropriate to the transitions 

( 
-9 8), (6 - 7) and (7 - 6) have a fixed difference and the procedure 

would be to mix the two fre1uencies (1/2h)(6E5,8+ 6E67) with 

and amplify. The transitio:is not induced by this method, (1._4), 

(1 -, 7), and (4 + 9), concern less than 1/6 of the total ion population 

in the same vibrational state. The ion beam is distributed over the 

first 8 or 9 vibrational states as we indicated in Table VI. Thus we must 

look for a sequence of resorances, IFI = 1, about 2% apaz't with the re-

lative intenaities given by Table VI. Observations of these resonances 

allows the determination of 6W or C. The detection utilizee the re-

action T(d,n)He 14  as is described in the following section. 
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3. DetectiOn of Transitiorn; 

The reaction T(d )n)He is described and the resulting angular 

distribution of neutrons is calculated in Appendix D. The angular distri-

bution of neutrons depends on the alignment of the Dbeam and two 

neutron cOunters provide the means of detecting D spin state transitions. 

This method of detection is similar to the deuteron polarization experi-

ments of Hughes et al. and of Rudin et al. (HUG 61a,b) (miD 61) (See 

also GAL 59). 

Suppose that the total number of deuterons striking the tritiuin 

target per second is N. If n0, n, and n_ are the numbers arriving 

per second with m1, = 0, +1, and -1 respectivley, then n0  + n + fl = N. 

According to equations (D-l), (D-2), and (D-3) of Appendix D, the neutron 

angular distributions for different deuteron projections m, are given by 

the partial cross sections 

()

= K( 3 sin20 + 2) 	 (88) 
da 

= 2K(3 cos20 + 1) 	 (89) 

where 0 is measured with respect to the direction of the beam. If the 

signal at angle 0 is s(0). we have 

S(e) = 2n0K(3 cos2 	 (3 0 + 1) + (n + n_) K sin20 + 2) 	(90) 

: Let R S(0)/S(/2); i.e., R is the ratio of the singal at 0 = 0 to the 

signal at 8 = ir/2 for identical counters. If q) = n0/N,we have 

2+6cp 
- 	7-3 	 9 cp  

Note that for .p = 1/3, as in the case of an unpolarized beam, R = 1 and 

there is no counting asymmetry. 

If no resonance transitions occur, the beam consists of the states 

and 7 of Table VII, page 7, with the relative intensities of 



about 2:2:1:L. From Table VII and Table V, page 41, we can easily 

calculate cp. Referring to Table V, 

= 	 + 	 = p(a0 ) 	 (92) 

where P(cx0) [or p( 0 )3 is the probability of observing a deuteron in the 

state a0  (or I3 ). Assuming that the target is in a magnetic field 

strong enough for the strong field states of D (Table VII) to be a 

good approximation , we find that, if no transitions occur, 

cp=i/6 	 (93) 

and 

R=.67 	 (94) 

Now if we induce the ILFI = 1 transitions, with an r.f. transition pro-

bability close to one, in the manner described on page 78, a simple 

calculation shows that 

cp=.20 	 (95) 

and 

R=.73 	 (96) 

If we are to distinguish Eq.(94) from Eq.(96),  we will require the 

statistical uncertainty in the counting rate to be much less than the 

relative change in R. which is 9%. A statistical uncertainty of i%, 

which should be adequate, vill require that there be about 10,000 total 

counts in an observation. 

Finally, we compute the absolute signal using the previous estimates 

of the aligned D2  beam, page 54, and the ionization efficiency, page 76. 

We obtain a D current of 5 X 10 ia. Using a thick zirconium tritide 

target, a deuteron ion beam with enerj of 200 KeV and an ion current 

* 
A permanent magnet is placed within the high voltage dome just below 

the target to provide the magnetic field. 
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of 10 3iLa, Galonsky et al. (GAL 59) estimate 300 neutrons/sec. counted 

at 900  in a detector accepting 11. solid angle and 20% efficiency. Using 

this estimate as a guide we can expect a counting rate of about 200 sec 

or 12,000 min. About 0 of the counts are discriminated against (see 

page 68) leaving 9,000 counts per minute. These estimates indicate that 

one minute of counting shouLd give a very siguificant indication of the 

difference between equations (94)  and (96). Similar calculations for 

the low frequency transiticLs, AF = 0, show that for AmF = +1, the re-

lative change in H can be ecpected to be about 18% which is much 

easier to observe. 
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APPENDIX A. Ortho-deutriwn and Para-deuterium 

Ortho-and para-deuterium are those forms of deuterium having, 

respectively, symmetric and antisyirunetric nuclear spin states; (thus, 

the distinctLon in, the samc as between ortho-and para-hydrogen). Quite 

generally, the symmetry of spin J states obtained by coupling two systems 

of spin j is (-i) 	which follows easily from the symmetry properties 

of vector-c oupling coefficints'. Therefore, ortho-deuterium 'refers to 

states of total nuclear spii 2 and 0, and para-deuteriuni to states of 

total nuclear spin 1. Sinc the symmetry of the configuration space 

part of the wave function, ror the ground state, with respect to nuclei 

interchange is (_i)1  where is the total orbital angular momentum 

quantum number, even rotatinal levels only are available to ortho-

deuterium and odd levels onLy to para-deuterium. The two forms have 

different molecular heat ca2acities and, as a result, differ very 

slightly in some physical properties (e.g., vapor pressure, thermal con-

ductivity, thermaldiffusion constants, and absorption coefficients). 

•  Assuming classical statistics we can easily calculate the equilibrium 

concentration of the two types at a given temperature because in classical 

statistics the different types of motion are independent of one another: 

• 	 Thus, if 

x= 
	

(A-i) 
21.E;kT 

where i is the nuclear redued mass, and R the equilibrium internuclear 

distance, we have the partition functions, Z 0  and 5, and equilibrium 
numbers of moleules, N0  and N, as follows: 
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= 6 	E 	(2K + 1) e_K+X 	 (A-?) 

(even K) 	 .. 	; 

= 3 	(K + 1) e' 	 (A-3) 
(odd. K) 	 . 	. 	 . 	. 

N 	Z 	... 	 . 	.. 	 . 
0 	.0 	 . 	 (A-liP) 

'P . 	P 

The multiplicity factors 6 and 3 are, of course, the numbers of nuclear 

spin states available to the ortho-and para-forms respectively. Using 

the value of the rotational constant Vr = 30.3 cm, given by Herz-

berg (HER 0a) for deuterium we obtain the equilibrium composition; 

97.14% ortho at 20
0
K, 65.3% ortho at 220

0
K, and 2/3 ortho at infinite 

temperature. Using more exact expressions for the rotational energy 

Johnston and Long (JOH 314) obtain the results, 97.973%, 66.667%, and 

2/3 ortho-deuteriurn at 20
0K 2  220

0
K, and infinite temperature respectively. 

The error resulting from the use of MaxeU-Boltzmafln statistics is quite 

small for the low densities of a few millimeters of Hg even at the low 

0 
temperature of 20 K considered. (FRA 65) 



APPENDIX B. Calculation of the Acceptance Solid Angle 

for a 'lexapole Magnet 

We consider, first a s:)urce placed at the entrance end which will 

then be focused at the exit end for a single velocity component. 

We assume the following: 
B • 	

a). The magnetic field gradient is 2-i-- , undistorted out to 

r = r, the radial distance to the pole tips at *ihich magnetic 

field is B 
in 

Molecules with r > r will be removed from the beam. 

The effective magnetic moments are independent of the field and 

therefore of r;i. (! •, "strong field" conditions. 

a). A right-handed coordinate system with the origin at the 

• entrance of the magnet and the axis of the magnet coinciding 

with the z-a.xis (see Fig.9) and a corresponding cylindrical 

coordinate systenf. 

e). Molecules of mass in and with an effective magnetic moment 

enter the magnet at radial distance r = r 0  with a velocity v, 

directed largely down the z axis but making the sm11 angles cx 

• 

	

	with the x-axis and with the y-axis. We always take a = 

v/v and = v,Jv. 

The interaction of a molecule and the magnetic field can be de-

scribed cassically, as far as the motion of the center-of-mass is con-

cerned, by the force F= -VH1, where H1  is the interaction energy. For 

the interaction linear in the magnetic field, F = NB, where t is the 

effective magnetic moment. 	 - 

The radial equation of motion of a.molecule in the magnetic field 

is 

Fr=nr_mre  
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is the ractial force 2i.tB/r and we have included the centripeta]. 

acceleration. Since there is no torque about the z-axis, angular 

momentum about this axis is conserved and therefore r 20 is a constant. 

Consider the molecules entering the magnet at x = r 0  and y = 0 so that 

the constant r2  is r0v. Then the radial equation of motion becomes 

(B-2) 

where 

A = (r0v)2 	 (B-3) 

and 	 2tB 

	

. 	 (B-li) 

mrm  

Only molecules with negative i'  are focused so we assume B > 0. Multi-

plying by we have 

i(i 	L'\ 	 / = 0 	 B-5 
r 

Integrating gives 

V.2  (V2) 	A 	L 	B 2  r  2) 	(B-6) 
r 	r t=O 
	

r 2  r  2 	(ro 

We can now obtain the limits of motion and thereby the maximum 

angles of acceptance a0  and 130  for the limiting trajectories through the 

magnet. The;e will be the maximum acceptance angles for the focusing 

of a real source point at the radial distance r 0  at the magnet entrance 

into an image point at the radial distance r 0  at the magnet exit, (see 

Fig.11). In a practical case a highly channeled source (or Laval nozzle) 

is placed close to the magnet entrance. (The closer the source the less 

the need for channeling.) 

	

The limits of motion occur when v 	0 at r = r in Eq. (B6). Con- 
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sider a moleeule entering vith a = 0 and =0 (maximum angle). Then 

(v ) 	= rt O 0 and Eq.(B6) gives 

22 	 / 

A=r0r B m , 

4. 	 or,' since A 	r0v30 , 

= 	TB • 	 ( B-8) 

Consider a molecule entering with = 0 and a =0  (maximum angle). Then 

= vao  and A = rovP 0 and Eq. (B6)  gives 

(B-9) 

The acceptance solid angle in terms of the "elliptic" cone with half-

angles ck and Po  is given by 

=7ra 	 (B-b) 

Therefore we have  
I  r -1 2 

	

= 2(0)\JL- (2) 	 (B-u) 

where (o) = 2(_Ii)1(Bm/mv2 . The application of this formula requires an 

integration over velocity and the area of the source. The linear 

dependence of the focused beam intensityon Bm  has been observed by Crad-

dock with a polarized proton source using a hexapole magnet. (CRA 61) 

For a single velocity, a "small" source on the axis can also be 

focused by the magnet at an infinite point beyond the exit end The 

source must be "sma1l"enouh so that only paraxial rays need be considered 

since a true image is not formed. The acceptance solid angle for such a 

source at a distance 2 in front of the magnet for a single velocity 

component is easily calculated to be 

( 0 ) 

	

(i+(°) 	
) , 	r 

where again ca(o)= 2(-p),tBjmv2. 
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• 	 APPEI1DIX C. Nuinerica]. Methods in the Calculation of 

• 	 the Vibratioial Functions of D. 

The calculation of the vibrational energy eigenvalues and wave 

functions of D to the accuracy we wish, can be reduced to the solution 

of a second order ordinary differential equation of the form 

- 	X(R) + v(R) x(R) = E X(R) 	 (c-i) 
dR 

with the boundary conditions 

x(o)=o 
and 	'

CO 

IX(R)I dB finite. fo,   
A partii ion of the variable B with a uniform mesh converts the 

differential equation to a natrix equation, if we write 

d2X(R) 
- X +1  - 2X + X_1  ' 	 - 

• 	Ii 

'where h is the length of the mesh interval. (Difference corrections to 

this formula were iteratively applied in the computer program (Fox 57.) 

We write the matrix equation as 

• 	
E = Xz1  

or simply Gz Xz where G is a symmetric tridiagonal matrix. G is con-

verted toa finite matrix by modifying V(R) in regions where the wave 

function is very small and simply truncating the matrix. (A truncation 

correction is calculated by a method of successive approximations in 

calculating the vector z. It is not necessary in calculating the 

elgenvalue )..) We used a method devised by Wilkinson to find the eigen-

values and elgenvectots of G. (WIL 62) The determination of cigenvalues 

is based on the Sturm sequence property of tridiagonal matrices, whereby, 

for diagonal elements g1  to g  and off-diagonal elements b 1  to bn the 
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sequenc of polynomials in . 

= 1' 

= (g.- ) f.) - 

have the folLowing characteristic; the number of agreements in sign be- 

tween consecutive members of the sequence is equal to the number of 

eigènvalues strictly greater than X. The eigenvalues were located using 

this property and a method of bisection was used to calculate them. The 

value of h used was 1/3 X 10 2a0  and the value of n was then 1620. Once 

an eigenva].ue X is known approximately as X )  the matrix H = (G-?.0 1  

is known to have a very large eigenvalue 1/)-.X 0. If X is a vector with 

a non-zero component along the eigenvector z, associated with i., it 

follows that 

HH .. Hy -+z 

as the number of iterations increases. The eigenvectors were calculated 

usingthe above iteration techni9.ue. Teus_ofaxLiterationmeth9d 	 - 

permits high order matrices to be considered. 

In calculating the eigenvectors with v = 0, 1 1  2, 3 we used 

h = 2 X lO on the interval 0 	R :5, 4.8 1  giving the order of G as 

22006 Three iterations were required to attain the desired accuracy for 

the eigenvector for v = 0 and five iterations for v = 1 1  2 1  3. In cal- 

culating eigenvectors for v = 4, 5.1 6 1  7, 8 we used h = 2.. X 	on 

the interval 0)4 < R < 5.9 giving the order of G as 2200. Five iterations 

• 	 were required for each. 

As was remarked above, a difference correction and a truncation cor-

• 	 rection were applied to G. Many calculations were made to ensure the 

accuracy of the final eigenvectors including étudying the effect of 

arng the size of the mesh. Their overall accuracy becomes less as v 
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increases, but different r çions of R differ greatly in accuracy for 

the same vector. The largest error in the calculation remained that 

resulting from the coarseness of the mesh. The accuracy of the method 

• 	• 	and calculations were believed to be sufficIent to guarantee the determina- 

tion of the values of Tables I through IV to the significance shown. 
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APPENDIX D. The Angular Distribution of Neutrons 

in the Reaction, T(d,n)He. 

The T(d,n)He reaction has a broad, isolated resonance at 107 KeV. 

(MAR 63) The maximum cross-section for unoriented beams is about 5 barns. 

The total re.ction is well-fitted in the region up to '.500 KeY by the 

assumption of a single level, a 2D 312  state. (MAR 63) On this assumption, 

conservation of angular momentum and parity completely determine the 

angular distribution. 

Because of the low energy of the deuterons consideration of only 

incoming s-wave is a good approximation. (For a 100 KeV duteron and 

a = 2 X 10 3cm, ka .2.) Let dm) Tm and nmote deuteron, triton, 

and neutron spin functions respectively. Consider the case of a com-

pletely polarized s-wave thuteron beam and an unpolarized target. Then 

the initial state is 

1. 	 2 	.2 

where_the_deute-rons-are _assumed_tohave_anua3x_fl1OmefltUm_prOj-eCtiOfl-,_-+-l-, 

on the quantization axis which we take as along the direction of the 

beam. Expressing 	on a basis of definite angular momentum states we 

• 	 see that 

(dT) 	

+ 	

(dT) 1 	+ 	( dT)1 

where the superscript gives the total angular momentum and the subscript 

the projection.. The final .;tate which results in the (d,n) reaction on 

the assumption of the single 2D312  state must be formed byd-wave 

neutron emis ion only, if angular momentum and parity are to be con-

served. Therefore, that part of the final state after collision which 

is of interest is 
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7 	\3/2 	/ 2 	
)1/2

3/2 
+ - (nY (O,cp)

/3/2   

where Y(9,cp) are orbital angular functions for the neutron with 

respect to the a particle. (The form of 4ff  is chosen to conserve angular 

momentum, as given by 	a'bve, on the assumption that only the spin 3/2, 

d-T channel contributes.) Expanding 	on the decoupled basis gives 

ff 
 

~4/5 
n_ 
 y(O ,p) - ..[l/5 ni 4 0 ,9)    + 

+ 	_ 	n 	Y(9,cp) - T2/5 ni Y(e,(P)) 

There are no interference terms and (ir f ) 2  gives the neutron angular 

distribution. A similar calculation would yield the neutron angular dis-

tribution for transversely oolarized deuterons. If we denote partial 

cross-sections by (da/dQ)m,  where m gives the deuteron polarization, the 

result of these calculation; is 

(

+1

= K(33in20+2) 	 (D-l) 
CM 

()O 	
2K(3cos2O+1) 	 (D-2) 

and parity conservation implies that 

fd\ 	(da\ 
dcz) 	d2) 

The sum of these partial cross sections is isotropic as it must be since 

the sum refers to an unpolarized beam. If the initial state consists of 

a mixture of deuteron spin orojection states such that the probability 

of the state, md,  is given by 0m 
 then the angular distribution of 

d 
neutrons is given by 

m 
dcl 	 ( da d 

- 	
m 'd2 

md. 
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