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ABSTRACT 

Optical pumping techniques can be used to produce nuclear 

3 
polarization in He gas excited by a weak electric discharge. By 

3 
optically polarizing He to a polarization and extracting ions from 

the gas, the resulting ion beam is expected to retain a polarization 

between PQ and PQ/2 depending on the experimental conditions. Such 

a polarized beam would have great utility in nuclear physics. 

An ion source using this principle has been built by straight¬ 

forward modifications of normal rf ion-source geometry to provide the 

higher pressure and lower flow rate needed for the optical pumping. 

The dependences of ion current upon source gas pressure and cleanli¬ 

ness, electrical discharge intensity, the axial magnetic field, and 

4 3 
the extraction voltage are measured. He rather than He has been 

used to date and ion-beam polarization cannot be measured with the 

present apparatus. However, under discharge and flow conditions which 

3 
appear suitable for He polarization, beam current of 1 ^(a are 

attained. Methods for measuring beam polarization are proposed. Some 

future experiments in atomic physics are considered. 
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I. INTRODUCTION 

The technique of optical pumping proposed by Kastler"^ has been 

used to optically orient the nuclear or electronic magnetic moments of 

various atomic speciesf Those of mercury^ and the alkalis^’^ were 

4 
among the first. Optical pumping in He was first observed by Franken 

5 6) Q 
and Colegrove 5 where they aligned atoms in the 2JS^ metastable state 

using unpolarized light. Schearer polarized this state using curcu- 

larly polarized light^ . Bouchiat, Carver, and Varnum were the first 

3 8) to use an optical pumping process to polarize He nuclei . Their 

technique was to employ the weak dipole-dipole interaction between 

3 optically polarized rubidium and a high pressure He buffer gas. They 

3 
achieved .017o polarization of He at 2.8 atm. Colegrove, Schearer, 

3 
and Walters achieved much greater He polarizations (about 40%) by a 

3 
combination of optical pumping of atoms in the 2 metastable state, 

and electron exchange collisions between metastable and ground state 

9) 
atoms . This method was used by Phillips, Perry, Windham, Walters, 

3 
Schearer, and Colegrove to demonstrate a polarized He nuclear target 

shortly thereafter \ Nuclear forces are known to depend on particle 

spin. If the spin of the target nuclei or of the incident nuclei in a 

reaction is known, information about the nuclear forces can be 

11) 
extracted . Thus the demonstration of Phillips, et _al. introduced a 

rather useful tool for nuclear physics. 

Polarized ion beams are also useful in obtaining information from 

nuclear reactions. Polarized proton and deuteron sources are in use 

at several laboratories. In a beam of atomic hydrogen subjected to 
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an inhomogeneous magnetic field the Zeeman states of hydrogen can be 

separated due to the force on the electronic magnetic dipole moment. 

The desired state is ionized and polarized protons result. This 

3 
technique is much more difficult with He because only the much 

smaller muclear magnetic moment can be acted upon. Hence no polarized 

3 
He ion sources using this technique have yet been operated. 

3 
Building an ion source for polarized He ions using optical pump- 

3 
ing to provide the polarized He source gas was proposed by Walters, 

deWit, and Phillips, who are quoted in Ref. 12. In a weak magnetic 

field, removing one electron whose spin could be either up or down 

would reduce the ion polarization to one-half of the atomic polari¬ 

zation. The potential ion-beam polarization (10 to 20%) would still 

be significant despite the loss of a factor two. 

This thesis is an account of progress in the construction of 

such an ion source. The immediate purpose of the work is to provide 

an ion source giving usable ion-beam currents from an optically polar- 

3 
ized He source gas. The ion source will be mounted on an accelerator 

and a nuclear reaction studied. The beam polarization will be deter¬ 

mined from the reaction. 

Although rather complete accounts of optical pumping in He^ and 

3 
He are given in Refs. 6, 7, and 15, the theory of optical pumping in 

4 3 
He and He under certain conditions is presented here. The design, 

construction, and operation of the ion source are discussed. The 

interrelations of ion current with all of the discharge conditions 

measured to date are discussed. Conclusions and suggestions for future 

work are presented. 
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II. THEORETICAL CONSIDERATIONS 

A. POLARIZATION OF THE EXTRACTED HE3+ BEAM 

3 3 Consider a sample of polarized He gas consisting of N atoms/cm . 

Since the nuclear spin I = 1/2, the nuclei are aligned parallel to or 

3 anti-parallel to the external magnetic field H^; the number of atoms/cm 

in these two states are and N respectively. The polarization is 

defined as (N -N )/(N,+N ) = (N-N )/N. 
*r + + 

Figure 1 is a diagram of the ion source, A weak electric dis¬ 

charge provides atoms in the metastable state for optical pumping. 

Ions are also produced in this discharge. A positive voltage applied 

to the extraction probe accelerates ions through the discharge toward 

the exit canal where a portion of the ions are focused through the 

canal and form an ion beam. By mounting the ion source on an acceler¬ 

ator the ions can be accelerated down the length of the accelerator 

3 
tube to strike a target. In order to find the polarization of the He 

nuclei incident upon the target it is interesting to consider the 

following calculation. 

It will be assumed that an ion is formed by removing an electron 

3 
from a He atom in a source gas which has a polarization P^. The 

magnetic field at the source is HQ. For the moment this ion is assumed 

to be extracted immediately, to be accelerated down the accelerator 

tube, and to strike the target. The magnetic field experienced by the 

ion after extraction is H(t). Under these conditions the polarization 

of the nuclei at the target is between P^ and PQ/2 depending on the 

magnitude of HQ and H at the target. 
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For the ion I = 1/2, the electronic spin J = 1/2, and therefore 

F = I+J can be either 0 or 1. Thus there are four energy levels of 

the ion in a magnetic field H ^ 0. In addition to another variable 

is defined 

/ = ^ W "/■^ 
where A is the hyperfine splitting and and JA ^ are the respective 

magnetic moments of the nucleus and electron. The energy eigenvalues 

3+ 
for He as a function of HQ are calculated by the Breit-Rabi pro¬ 

cedure in Appendix A. The energy levels are found to be 

e2 - 

*3- 

i4 - + Ha (/>j +/**) ■ 

3+ 
These energy levels of the He ion are sketched in Fig. 2 as a 

function of x. E^ is the top level, the second, the third, and 

E, the fourth level. 
4 

With the energy eigenvalues known the energy eigenfunctions can 

be found. The eigenfunctions are linear combinations of the four 

possible states of the ion, 



5 

i«>i,mj-> = i''■*>>, i v/i>,, i-&J-v»>, 

where m^. and m^. are the magnetic quantum numbers of the nucleus and 

electron respectively. These will usually be written as 

i^r,\+"~y j i-~+y, i—y• 

In Appendix A the eigenfunctions are shown to be for the four levels: 

t>( — + >— CJ-l'l > 

t2= l++> 

f3 . <X|--f-> -+ t/+ -> 

+4- I— > 

where 

ff+X^ -X  _  I  

—x) ^-f-1 \ 4 [( Vl+Xr -><)2+ I ] ^ 



It is perhaps informative to consider first a simple case to 

illustrate the manner in which the polarization of the beam comes 

6 

about: Consider a 100% polarized source gas in a low magnetic field, 

all nuclei having m^. = + 1/2. Let n ions be formed by removing one 

of the previously paired-off electrons from n atoms. Referring to 

Fig. 2, n/2 of the ions will be in the second level. Since |-H-)> 

is an eigenfunction this state is stationary. The other half of the 

ions will have the opposite electronic spin and will start out in the 

) state. Now, however, the nucleus sees the very large magnetic 

field of the electron and the two moments precess about each other, 

rapidly losing any memory of the nuclear spin. The ions are actually 

in one of the states with = 0. They have equal probability of 

being in the first or the third level. 

Let these n ions be extracted and accelerated. Then when the 

second electron is stripped off in the target the n/2 ions in the 

| -H-y state all have m^ = + 1/2. The n/4 ions in the first level 

have n/8 nuclei with m^ = + 1/2 and n/8 nuclei with m = - 1/2. The 

third level likewise contributes n/8 nuclei with m^ = + 1/2 and n/8 

with m^. = - 1/2. There are no ions in the fourth level. 

The beam polarization P is thus the number of spins up minus 

the number of spins down divided by n: 

n n n n n 

2 + 8 ~ 8 + 8 ~ 8 _ 1 
* ~ n “ 2 • 
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Under these conditions, one half of the source-gas polarization is 

retained in the beam. In Appendix B, following the development by 

131 
Axen, Jones, and Warren , the beam polarization is examined in detail 

and shown to be between PQ and PQ/2 depending on the magnitude of the 

magnetic fields at the source and at the target. 

The condition that the ion be extracted immediately upon ioniza¬ 

tion may not actually be fulfilled. There are certainly ions in the 

discharge. Applying a voltage to the extraction electrode and taking 

14) 
the potential across the 5 cm of plasma as about 150 V , the time 

- 6 
for an ion to be accelerated across the discharge is ^10 sec. At 

a pressure of 1 Torr the time between collisions of a neutral atom is 

~2 x lCf7 sec. At this quite high pressure therefore, the ion would 

be expected to collide with several polarized ground state atoms before 

extraction. This would tend to cause the population of the energy 

levels of the ion to relax toward a population described by the spin 

temperature of the (polarized) ground state. It can be shown that if 

the ions are in thermal equilibrium with the ground state that their 

nuclear polarization will be just that of the ground state. This 

mechanism, as seen by the numbers above, would not be expected to be 

important for pressures much below .5 Torr, but any collisions which 

take place between the ions and ground state atoms will add a little 

to the beam polarization. 
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4 
B. OPTICAL PUMPING IN HE 

3 
Although the ion source was designed for use with He , the less 

4 3 
expensive He has been used for all of the present experiments. He 

4 3 
differs from He only in that He possesses a nuclear magnetic moment 

and that the atomic masses differ by one unit. At present the nuclear 

3 
moment of He makes a difference only in the optical pumping process 

since beam polarization cannot be monitored with this apparatus. The 

difference in isotopes will affect the gas flow rate in a predictable 

manner and should not appreciably change the interrelations between 

beam durrent and the ion-source parameters. 

4 
A brief description of the optical pumping process in He will 

4 
be given here since the optical pumping done to date has been in He • 

Schearer has described work done using circularly polarized pumping 

light^o The treatment here follows that of Schearer closely. 

A weak electrical discharge in helium gas produces atoms in the 

3 
2 state. Radiative decay of this triplet state to the singlet 

ground state, l^S^, is doubly forbidden (AS = 1 and AL « 0) so the 

3 
2 state is a metastable state. In an electrical discharge the 

-4 
lifetime of this state is typically a few times 10 sec. 

Figure 3 shows the triplet metastable state and the transitions 

to the next higher triplet-P states. By circularly polarizing the 

1.08yU resonance light and irradiating a helium discharge a net 

magnetic moment of the gas is produced by changing the relative popu¬ 

lation of the three m levels of the metastables present in the dis- 
j 

charge. This magnetic moment is detected optically by monitoring the 
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change in intensity of the resonance radiation when the populations of 

the metastable substates are equalized by the application of an rf mag¬ 

netic field corresponding to the Zeeman separation. The separation 

between adjacent levels is about 2.8 Mc/sec-gauss. 

Consider now how the optical signal comes about. Let T be the 

light transmitted through the cell. If F is the light flux incident 

upon the cell and S is the light absorbed then 

T = F - S. 

The light absorbed by the ith magnetic sublevel depends upon the number 

of atoms in the state n^, the frequency spectrum of the light g(V ), 

and the absorption probability B^. So 

T = F - H n.B.g(V.) 
L i i l 

where i covers the three metastable sublevels in the present case. 

If the populations are equalized by the rf field, n^ becomes n/3 

where n is the total number of metastables. If T denotes the light 

transmitted with the levels saturated, then 

T = F - 3 ZI B.g(V.) . 
L 

The optical signal that is seen by the detector is 

T - T = 2Z ( 3 - ni> B.g(V.). 

L 

Thus the signal depends on the amount by which the n^ differ, 

which in turn depends on the not all being alike. The experimental 

procedure is to excite a bright discharge in a helium lamp, circularly 

polarize the 1.08 A/ radiation, and monitor the light transmitted 
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through a cell containing a weak He discharge. Figure 1 shows a 

portion of the optical pumping apparatus. The rf coil excited at the 

Zeeman frequency and the lead sulphide detector are not shown. Nor¬ 

mally the magnetic field along the axis of the light beam is modulated 

at a low frequency in order to see the resonance signal. 

3 3 
Referring again to Fig. 3, the light from the 2 PQ - 2 

3 3 
transition is denoted DQ. The light from the 2 - 2 transitions 

are denoted and respectively. Since the broadening of the spec¬ 

trum of the lamp is comparable to the . 1A separation of the and 

light the intensities are taken to be equal and the combination is 

denoted light. The DQ line is separated from the and lines 

by an Angstrom, however, and is completely resolved. The ratio of the 

relative intensities of the DQ, D^, and lines is therefore approxi¬ 

mated by the ratio K:l:l. 

The light absorbed depends in this case upon the resonance light 

intensity [g(lA)] and the absorption probability between the initial 

and final states for circularly polarized light (B^). 

The n_^ also depend on the spontaneous transition probability from 

the excited states to the metastable. The probabilities for transi¬ 

tions induced by circularly polarized light of the assumed complexion 

(Anij = + 1 and DQJD^^D^ = K:l:l) are listed in Table I taken from 

the paper by Schearer. is the relative probability for right- 

hand circularly polarized light causing a transition between the ith 

metastable sublevel and the o<Sth sublevel of the excited P-states. 

B1^ . is the relative probability for spontaneous emission from the 
ex. 1 
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C^th sublevel of the excited P-states to the ith sublevel of the 

metastable. 

TABLE I. Relative Spontaneous Transition and Absorption Probabilities 

3 3 
Between the Magnetic Sublevels of the 2 and the 2 P 

States of Helium 

a. Relative absorption probabilities B^^ for circularly 

polarized light. 

</ +2 +1 0 -1 -2 +1 0 -1 0 

/ u 

+1 6 0 0 0 0 0 0 0 0 

0 0 3 0 0 0 3 0 0 0 

-1 0 0 1 0 0 0 3 0 2K 

b. Relative spontaneous transition probabilities B'oCi* 

oc +2 +1 0 -1 -2 +1 0 -1 0 

1 

+1 6 3 1 0 0 3 3 0 2 

0 0 3 4 3 0 3 0 3 2 

-1 0 0 1 3 6 0 3 3 2 

The factors affecting the rate equation for the change in an n^ 

include the facts that: 
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a) The discharge creates metastables and this being a random 

process makes each n^ = n/3 in the absence of optical pumping. 

b) Metastables in a given spin state are destroyed by col¬ 

lisions and diffusion to the container walls at a rate proportional 

to n. with a characteristic time . This adds a term - n./T . 
i r 1 ur 

c) When an atom in the ith state absorbs a resonance photon 

n^ is reduced. If is the total probability of absorption given by 

B. 
I 

9 

= | 
i oC 

then a term of the form - n.B. is added. 
l l 

d) For the low pressures used ( £ .5 Torr) the P states radiate 

before collisions can reorient the z-component of the spin. This is 

the case of no mixing. The probability for decay from the OCth sub- 

level to the ith sublevel adds a term containing B' , .. The proba- 
0\+1 

bility that an atom is in the OCth state must be included giving terms 

like 

The rate equations are therefore: 

— = - F L_ + FZX-r>j BJ« 
«W is/ 

+ (%'ni)/Vr ■ 
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For t very long the steady state solutions to these equations give 

n+ : n^ : n_ = n : 0 : 0 

where the subscript denotes the m sublevel. 
J 

For finite t the solutions to the equations give^ 

n
+ 

: n
0 

: n- = [(12K + 2D(^r
F)2 + (1° + 2K)TrF + 1] : 

[ (2K + 3) rrF + 1] : [3 V Y + 1] . 

The signal, T - T, is comparatively large for this case of no mixing 

and circularly polarized pumping light. 

The actual signal measured is usually the light scattered at 90°. 

When the metastables are polarized and therefore the discharge is more 

transparent, less light is scattered. At resonance the cell becomes 

more opaque to the transmitted light and more light is scattered. 
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C. OPTICAL PUMPING IN HE3 

3 
Since the ability to optically polarize He is fundamental to 

this experiment, a brief description of the more important results of 

3 
the optical pumping process in He is presented. The treatment 

parallels that of the paper by Colegrove, Schearer, and Walters'^ 

3 
which gives a very complete description of optical pumping in He . 

Many of the topics in succeeding sections concerning optical pumping 

also owe much to the same paper. 

3 4 
The process of optical pumping in He as in He utilizes circu¬ 

larly polarized resonance radiation to modify the population of the 

3 4 3 magnetic sublevels of the 2 metastables. For both He and He the 

most frequent event happening to a metastable is a collision with a 

gr oundr state atom. In such a collision there is an appreciable 

probability that metastability will be exchange: 

He* + He He + He* CD 

where * denotes an atom in the triplet metastable state. To a He^ 

atom with nuclear spin zero this can make no difference since the 

z-component of total angular momentum must be conserved; m cannot 
J 

change. 

There is a fundamental difference however in the exchange of 

3 
metastability in He . The ground-state atom has nuclear spin 

I a F B 1/2 and is a Zeeman doublet with magnetic quantum number 

3 
nip = + 1/2. Now if He undergoes reaction (1) the m^, of the meta¬ 

stable can change by + 1 during the collision with a corresponding 
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change of■+ 1 in the ground-state quantum number. Thus if the ground- 

state spin-lattice relaxation time is long and the metastables are 

being optically pumped, the angular momentum of the metastables will 

be drained off into the ground-state system where it appears in the 

form of a nuclear polarization. The polarization can be detected 

optically by measuring the transmitted pumping light. When an rf 

field of 3.2 kc/sec-gauss is applied to the gas at the nuclear reso¬ 

nance, the ground-state nuclear polarization is reduced, the meta¬ 

stables immediately begin to appear in states where they can absorb 

the pumping light, and the decrease in transmitted light is observed. 

3 
Referring to Fig. 4 the pertinent energy levels of He in an 

4 3 
external magnetic field are shown. As in He the 2 is a metastable 

state and is produced by a weak electric discharge. Right-hand circu¬ 

larly polarized light is incident upon the cell alopg the applied mag- 

3 3 
netic field causing 2 -> 2 PQ transitions with m^ = + 1. Thus 

metastables in the m^, = - 1/2 and m^ = - 3/2 states are excited to the 

3 3 2 PQ state which radiates with equal probability into all the 2 

sublevels. Thus the metastables come to have predominantly high values 

of v 
3 

The numbers of ground-state atoms and metastable atoms/cm are 

N and n respectively. If there were no relaxation processes acting on 

a metastable except the pumping light, the time characterizing the 

approach of the metastable-state polarization to equilibrium would be 

^ . Figure 5 is a schematic diagram indicating the various inter¬ 

action times which enter into the determination of the equilibrium 
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polarization. The relaxation or destruction of metastables is char¬ 

acterized by the time The relaxation time of the ground state 

in the presence of the discharge is T . 

The process of metastability exchange establishes equilibrium 

between the metastable and ground-state atoms in a time ZT^ — 

l/(crvN), where <r is the cross section for metastability exchange and 

v is the thermal velocity of an atom. This time is of the order of 

the mean lifetime of a metastable in a given spin state. If the meta¬ 

stable polarization were fixed somehow, T^ = (N/n) V^ would character¬ 

ize the approach of the ground-state polarization to equilibrium. T^ 

is likewise of the order of the mean time taken for a given ground- 

state atom to undergo metastability exchange. 

In order to interrelate these time constant, Colegrove, Schearer, 

and Walters developed a phenomenological theory dealing with a hypo¬ 

thetical two-level metastable. Letting P be the ground-state polari¬ 

zation and p the metastable polarization, the coupled rate equations 

for P and p are 

iE = IIE _ _E_ . PIE 
dt \ \ *2 

dP = JJ-P P_ 

dt T0 T 
2 r 

By setting the derivatives equal to zero the steady state polari¬ 

zations can be found. Using the experimental fact that T » 
r 

steady state P and p are found to be equal. 

T2 the 
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Letting l/V = l/ro + 1/X + 1/73 , 
2 r p 

the coupled systems 

the pumping time for 

1 n 4- /N « 4 M /I 4“ ^ 1% /\ 

 i _ Tr / i i \ + i 
T “ T0 T TT T 
p 2 \ "p r j r 

This is the time characterizing the approach of the polarization of 

the coupled system to equilibrium. 

Experimental values for these time constants have been measured 

-T- -4 
or estimated. Lamp intensity affects which lies between 10 sec 

and several msec. has been reported to be 2 x 10 ^ sec)^. X 

is approximately equal to X which is ^2 x 10 ^ sec at 1 Torr. In a 

weak discharge at 1 Torr T^ is about 30 sec. T^ is typically several 

tenths of a second. With the discharge on T^ T . With the dis¬ 

charge off T^ is several hours. 

The optical signal can be related to the polarization in the case 

4 
of resonance light from a He lamp being used to optically pump. This 

3 3 
corresponds to the case mentioned above of the 2 - 2 transition 

3 3 
being excited but having no transitions to the 2 P^ or 2 states. 

The reason for this is seen by an inspection of Fig. 6. The spectro¬ 

graphs are from the work of Fred, Tompkins, Brody, and Hammermesh^^ 

3 3 3 4 
and show the 2 P to 2 transitions for He and He . The light 

4 3 
from the He lamp illuminates only the transitions to the 2 P^ state 

3 17) 
in He . Actually, as pointed out by Greenhow the scales of the 

4 
two graphs differ slightly and the He spectrum should be displaced 

about ,1 cm ^ to the right. 
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Let I be the resonance radiation absorbed by the metastables in 

a polarized sample and I the resonance radiation absorbed when the 

sample is depolarized by saturating the nuclear resonance. Then by 

considering the transition probabilities between the eight sublevels 

Colegrove, et al. showed that 

I0 - I AT P 

— r= TTWI 111 -
2P

 -
p 1 1

 o 

Greenhow, using the corrected spectra obtained 

IQ ~ 6 + 2P2 ^ 15 " 10P + 2P ^ * 

The same expression is obtained for the signal from scattered light. 

3 
In the case of a He lamp there is no simple expression for P in 

terms of the optical signal. The data of Fig. 7 were therefore measured 

by nuclear magnetic resonance techniques. The figure shows relative 

3 polarization obtainable as a function of discharge pressure for He and 

4 
He lamps. In both cases the reduction in polarization at low pres¬ 

sures is due to the decreasing X ^ because metastables diffusing to the 

walls are destroyed. The fall off at the higher pressures for the He^ 

lamp is probably due to the difficulty in obtaining a homogeneous dis- 

3 
charge. The displacement to the left of the He -lamp curve comes 

3 
about because both spectral components of He are acting on the meta¬ 

stables. This would give a higher polarization except that as the 

3 
pressure is increased, mixing of the 2 P states occurs making the pump¬ 

ing light less effective. This graph should be referred to later to see 

how well the gas in the ion source would be expected to be polarized. 
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III. DESIGN CONSIDERATIONS AND CONSTRUCTION OF APPARATUS 

Certain aspects of the apparatus design were determined, since 

the apparatus was required to be an ion source as well as to allow 

3 
optical pumping of flowing He . Practical considerations dictated 

other aspects of the design. Some design was non-critical and a few 

more or less arbitrary choices were made. 

Once the ion source is working the ion-beam polarization must 

be measured. Since the only way to measure the polarization of the 

3 
beam seems to be by examining a nuclear reaction using the He beam 

for the incident particles, the ion source must go on an accelerator. 

The decision was made to use the 200 keV Texas Nuclear Cockroft- 

Walton accelerator. Therefore the ion-source baseplate and focusing 

electrodes which form a unit of the Texas Nuclear accelerator were 

3 4 
used to start the system. The d(He ,p)He reaction seems to be 

satisfactory for the beam polarization measurement. This is dis¬ 

cussed more fully in Section V. 

The ion source was placed on a high-vacuum system. Figure 8 is 

a simplified block diagram of the vacuum system. Dow Corning 704 

silicone diffusion pump fluid was used in a Consolidated Vacuum 

Corporation 4-inch diffusion pump backed with a Welch 1402 mechanical 

pump. A four-inch gate valve and a liquid air cold trap were in the 

system. 

The optical pumping normally requires a very uniform magnetic 

field along the optical axis. The ion source normally requires an 

axial magnetic field at the exit canal. Thus by choosing the optical 
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axis as the axis of symmetry of the ion source the magnetic field can 

serve both purposes. A water-cooled solenoid, 10 inches in diameter, 

end-corrected to sixth order and capable of over 350 gauss was used 

to provide the field. The magnet was designed and built at Texas 

Instruments, Inc. 

3 
Because the He gas diffuses rapidly across the bottle, any 

magnetic field gradient is seen by the atoms as a randomly fluctu¬ 

ating magnetic field. The strength of the Fourier component of this 

random field at the Larmor frequency of the nucleus determines a 

relaxation rate of the nuclear polarization due to gradients. This 

effect in He^ has been known for some time^5 ^ . More recently 

Schearer and Walters have analyzed this behavior in detail and veri- 

20) 
fied the calculated effect experimentally 

In order to reduce magnetic gradients the ion source was built 

several feet from any ferromagnetic material. Even very small mag¬ 

netic parts cannot be tolerated near the bottle itself. 

Figure 1 is a drawing of the ion-source bottle. The ion bottle 

which contains the rf He discharge was made in the form of a pyrex 

sphere 5.6 cm in diameter with a tungsten extraction electrode (the 

"probe") inserted through the bulb out of the optical path. The 

standard ion-bottle base was attached to the sphere. The size of the 

ion bottle was chosen largely because of experience in optically 

pumping sealed cells of similar dimensions. 

3 
The optical pumping process in He requires gas pressures an 

order of magnitude higher than normal ion-source pressures. The 
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3 
pumping time of several to several tens of seconds depends on the He 

3 
density and inversely upon the He metastable density which is a 

function of the rf discharge intensity. The time that an average atom 

remains in the bottle should be several pumping times. These require¬ 

ments of longer time in the bottle and higher pressures were satisfied 

by modifying the standard ion exit canal. The exit canal and quartz 

sleeve shown in Fig. 1 are standard for the Texas Nuclear accelerator 

except that the canal was reduced to 0.0135 inches in diameter. The 

measured time that a He atom spends in the bottle is about 20 sec. 

Because of the higher pressure in the ion source the mean free 

path of a He atom is no longer long compared to the dimensions of the 

exit canal. For this reason, the placement and dimensions of the 

quartz sleeve surrounding the exit canal would be expected to require 

modification. Although the quartz sleeve for which the data have been 

taken is merely the standard quartz, variations of usual low-pressure 

geometries scaled down to the smaller exit-canal diameter are expected 

to be used. 

As already implied, the ion bottle was designed to allow certain 

optical access. The pumping light must be able to cover the whole 

cell and a detector must be able to look at the discharge. 

Most of the optical pumping rig is shown in Fig. 1. The lamp is 

a pyrex tube about 4 mm i.d. with a volume acting as a reservoir 

attached to one end. After the lamp is cleaned it is filled with pure 

4 3 
He (or He ) to several Torr and sealed off. About 10 W of 50 Mc/sec 

rf power is coupled into the lamp. The light is passed through an 

infrared linear polarizer and through a piece of cellophane about 
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0,0015 inches thick which acts as a quarter-wave plate for the 1 yw 

light. When the optical axis of the cellophane is oriented at 45° 

to the axis of the linear polarizer the 1.08^ resonance light is 

circularly polarized. This light illuminates the optical pumping cell. 

Some of the 50 Mc/sec energy is used to excite the discharge in 

the ion bottle. The light from the discharge falls on a lead sulphide 

detector, and an oscilloscope displays the optical signal produced 

when the magnetic field from a small coil near the cell is at the 

Larmor frequency of the nuclei. 

The purity of the helium in the cell is very important. Col¬ 

lision of a He metastable and any impurity atom is very likely to 

destroy the He metastability. Since the polarization depends upon 

the presence of the metstables, any appreciable reduction in the meta¬ 

stable relaxation time, j will reduce the polarization. A cross 

/ -14 2 
section for metastable collision with impurities of <r 10 cm is 

3 
reasonable. The velocity of a He atom at room temperature is IT CZL 

1.6 x 10^ cm/sec. Taking the measured value of 7/ as about 10 ^ sec 

3 
it is seen that the presence of n impurity atoms per cm where 

n = l/(O^Z^TT ) will reduce to one-half its previous value. 

13 3 
Solving, n is found to be ^ 10 impurity atoms/cm corresponding 

—4 
to about 2 x 10 Torr. Thus the partial pressure of impurities must 

-4 
be much less than 10 Torr. 

Figure 8 includes a diagram of the helium flow into the ion source. 

4 3 
Neither the commercially available compressed He nor the He are of 

the required purity. In order to purify the He a cold trap is part of 

the system. The He gas must pass through the trap, a small copper 
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chamber stuffed with copper turnings. The trap is in a liquid helium 

_ g 
bath at 4.2°K. At 4.2°K the vapor pressure of hydrogen is ^ 10 Torr, 

3 4 
and that of any other substance (except He or He ) lower by at least 

a factor of 10 . Thus the gas leaving the trap is very pure He. 

The He gas is supplied from a cylinder or regulator at a few psi 

to a needle valve (Edwards High Vacuum, Ltd.). The gas flows through 

the trap, then through about 1 m of 1/8-inch copper tubing to a mani¬ 

fold on the ion-source baseplate. A Veeco high pressure thermocouple 

is connected to the manifold through about 50 cm of the same tubing. 

Two pumpout lines to vacuum and four Hoke valves complete the system. 

Cleaning the pyrex of the cell is also necessary. The pyrex 

absorbs water and other impurities which continue to be driven out 

of the walls for a very long time when a discharge is run in the cell. 

One of the basic methods of degassing is to heat the glass while keep- 

- 6 
ing the pressure in the cell at about 10 Torr. Because the pumping 

speed through the exit canal is so small it was necessary to connect 

an 8 mm i.d. pyrex tube from the cell through a valve to the vacuum 

system in order to attain this pressure. A Bayard-Alpert ionization 

gauge (Consolidated Vacuum Corporation GlC-016) was placed in this 

line to measure this pressure which is critical and to check the 

Philips cold-cathode ionization gauge (Consolidated Vacuum Corpor¬ 

ation PhG-09). The Philips gauge measures the pressure at a point 

about halfway between the pump and the cell. The cell was not intended 

to be heated intensely. The rubber washer and ,,0n rings were replaced 

with Viton which has a remperature limit of 140°C. A copper heat sink 
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was used to protect an epoxy joint in the accelerator tube. Cleaning 

the cell is discussed in Section IV. 

The ion-beam focusing and accelerating electrodes are shown in 

Fig. 9. To the second electrode is attached a Faraday cup to collect 

the beam. The accelerating potential of 0 to 8 kV is applied to this 

electrode. The current is measured with a Keithley 620 electrometer. 

The first electrode is held 300 V more negative than the Faraday cup 

so that any secondary electron current is suppressed. 
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IV. THE EXPERIMENT 

A. CELL CLEANING PROCEDURE 

The biggest experimental problem to date has been the cleaning 

of the pyrex optical pumping cell-ion-source bottle. A pyrex bulb in 

a static system is not difficult to clean. The bulb after being 

cleaned with, say, distilled water and isopropyl alcohol is sealed 

“ 6 onto a vacuum system capable of pressures below 10 Torr. The bulb 

is heated with a flame while under vacuum to drive out as much 

absorbed water vapor and gas as possible. About 1 Torr of clean He^ 

is admitted to the cell. A bright discharge is lit in the cell. One 

hundred watts of microwave power from a diathermy generator is often 

used for this (Raytheon Model CMD5, A = 12.5 cm). A pocket spectro¬ 

scope reveals that the discharge becomes rather "dirty" very quickly. 

The "dirty" gas is pumped out and the bulb is refilled with clean He. 

This time the gas in the cell becomes dirty more slowly and after sev¬ 

eral more cycles, the gas eventually stays clean. The bulb is pumped 

out and clean He of the desired isotope is leaked in to the desired 

pressure. The bulb is tipped off with a flame and the resulting bulbs 

are still clean after several years. 

The method of measuring the level of impurities in the discharge 

is rather qualitative: The He discharge is examined through a hand¬ 

held spectroscope. The visible spectrum of He is of course a number 

of discrete lines, about 7 to 16 usually being visible. Any unfamil¬ 

iar lines or bands are due to impurities. Ability to relate discharge 

appearance to the efficiency of optical pumping is acquired by 
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experience. The approximate criterion for cleanliness is that the 

stronger He lines be very much brighter than any of the impurity lines; 

optical pumping will not be seriously impaired then. 

The experimental observations indicate that a weak or a strong 

discharge will drive impurities out of a "dirty11 wall. As the wall 

becomes quite clean a "turnover" point is passed beyond which a strong 

discharge will drive impurities from the gas into the wall. To reach 

the "turnover" point for weak discharges seems to require still cleaner 

walls because at least in the flowing system, bright discharges are 

observed to "clean up" previously dirty weak discharges. 

The cell cleaning technique depends basically on heating the cell. 

The temperature limit of the base plate is 140°C because Viton rubber 

was used. The electric heater used is limited to 450°C. The system 

diagram of Fig. 8 is helpful in understanding the procedure. 

To clean the cell, the 8 mm fast pumping line to the cell is 

opened. The liquid air trap is kept full bringing the pressure of the 

_ ^ 
main vacuum system well below 10 Torr, Most of the pyrex cell is 

heated to 400°C. The base plate and base of the cell are heated to 

about 140°C. After about 72 hours of this heating the pressure in 

~ 6 
the cell is about 10 Torr and the cell is then cooled to room temper¬ 

ature . 

The trap in the He supply line is cooled to 4.2°K and the clean 

He gas flows through the cell and is pumped out through the 8 mm line. 

The flow rate is increased until a discharge can be ignited in the cell 

using the diathermy generator. The cleanliness of the discharge is 
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monitored. After there are no impurity lines visible in the spectrum, 

the 8 ram line is closed and the flow reduced. 

The ion source now can be operated for several hours before the 

diathermy cleaning process must be repeated. 
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B. EXPERIMENTAL RESULTS 

Initially it did not seem worthwhile to make extensive measure¬ 

ments on dirty discharges since it was possible that apparatus changes 

necessary to obtain clean discharges might make the data useless. In 

fact the data originally taken were with quite dirty cells and are not 

consistent with certain of the later data. None of the earlier data 

are reported here. 

When the discharge was clean enough the optical pumping signal in 

4 
He was observed as a measure of the discharge cleanliness. Measure¬ 

ment of the absorption by the cell discharge of the 1.08yM light from 

the lamp would be an equally good measurement. This is essentially a 

relative measurement of metastable densities. No reliable absorption 

measurements were made because the PbS detector was unknowingly driven 

to saturation when the measurements were made. 

Figure 1 is a drawing of the optical pumping cell-ion-source 

bottle. The optical signal observed was normally the light scattered 

at 90°. The signal is inverted from the transmitted signal since at 

resonance more light is absorbed and therefore more light is scattered. 

The resonance signal from a sealed spherical cell filled to .2 Torr 

4 
He of about the same size (5.0 cm diameter) as the ion bottle (5.6 cm) 

was measured. This gave an indication of the signal size to be 

expected in the clean bottle. A 40 mv resonance signal (sometimes 

45 mv) was usually observed in the static cell at 5 Mc/sec (1.78 gauss) 

under optimum conditions. The optical signals observed in the second 

from the last run were as high as 45 mv after the diathermy cleaning 
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but 40 mv was usually the value for a clean discharge. After an hour 

the signal was about 40 mv. The signal deteriorated to 25 mv in another 

hour when the helium in the dewar was at the bottom tip of the cold 

trap. The signal stayed at 20 mv for another 90 minutes. 

On the last run, resonance signals were observed at 17.8 gauss 

using the stray magnetic field from the 50 Mc/sec discharge excitation. 

The signal started at about 15 mv and deteriorated to 4 mv in 80 min¬ 

utes. The bottle was cleaned with the diathermy generator and a fast 

flow of He. The discharge continued to look quite clean for the next 

160 minutes. The signal which then started at 10-15 mv varied below 

this but was not observed continuously because the field was being 

varied. Later, the .2 Torr static cell was operated in a field of 

17.8 gauss using the stray 50 Mc/sec field to produce resonance. The 

discharge level could be optimized for signal size at about three 

quarters of the way from the weakest obtainable discharge to the 

brightest attainable with the setup. There the signal was 38 mv. 

Near the point of discharge extinction the signal was 14 mv. Any 

differences between the signal of the static cell and the bottle can 

probably be accounted for by the difference in pressures, the dif¬ 

ference in discharge levels, and differences in the relative geometry 

of the lamp, cell, and detector. All measurements were made at room 

temperature. 

The optical signal was unaffected by the presence of the extrac¬ 

tion probe voltage which varied to above 5000 Vdc. 
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The pressure at the thermocouple gauge is estimated to be very 

nearly that of the He in the cell. The Veeco DV-4AM thermocouple 

gauge tube was calibrated for He gas against a McLeod gauge. The 

thermocouple pressure values quoted are the corrected measurements. 

4 4 
The He flow rate was measured. The time that the average He 

atom remains in the cell is about 28 seconds. This figure was cal¬ 

culated from pressure measured as a function of time after the He 

supply was abruptly stopped. 

By correcting for the difference in atomic mass and the unused 

3 
volume of the pumpout line, the calculated time that a He atom would 

3 
remain in the cell is 18 sec. Since an average He atom is in the 

cell for 18 sec, the gas within the cell’s volume is effectively 

3 
replaced every 18 sec. For a volume of about 92 cm , a pressure of 

3 
.25 Torr, and a temperature of 300°K, the flow rate is 5.5 cm 

STP/hr. The 18 sec corresponds to several times the pumping time in 

3 
He at these low pressures and so will allow almost full polarization 

of the source gas. 

The Keithley electrometer used for the beam-current measurement 

was affected by the stray rf fields until an R-C filter was put on 

the meter input. After this the 50 Mc/sec oscillator did not affect 

the reading measurably. 

Figure 9 is a sketch of the focusing-accelerating electrodes 

and the Faraday cup along with the electrical connections. The 300 V 

battery prevents any current from secondary electrons. This combin¬ 

ation of a Faraday cup and a suppression electrode has been reported 
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29) 
to be very effective in suppressing all secondary electron current 

The holes at the outer edges of the electrodes allow high pumping 

speeds. 

The extraction probe voltage is supplied by a 0-6kv supply 

(Universal Voltronics BAM-6-5.5). The probe current varies from 0 to 

about 200 fXCL and at present is read only approximately from the meter 

on the supply. 

The axial magnetic field was measured by reading the magnet cur¬ 

rent supplied by a Harvey-Wells magnet power supply, Model HS-1365B* 

The coil constant of the solenoid is about 13.9 gauss/amp. 

If P is the polarization and (|> is the amount of resonance light 

absorbed then the polarization is given approximately by P = PQ 

Thus the discharge in the ion bottle should be quite weak in order to 

obtain good polarization. The pumping time of course increases as the 

density of metastables decreases in the weaker discharges. 

In the case of the 50 Mc/sec rf excitation used in the present 

experiment, the discharge is usually run near the point of the weak¬ 

est self-sustaining discharge. The previously mentioned pumping 

times which are typically 20 to 40 sec at 1 Torr refer to this con¬ 

dition. 

l^. 
All discharges measured here are He . All used 50 Mc/sec exci¬ 

tation. The discharge levels were: "very weak," weakest self-sustain 

where PQ and 

21) 
geometry, and pumping light . Stronger discharges produce a higher 

density of metastables and therefore absorb more of the 1M light. 

ing discharge; "weak," a little stronger. The discharge purities were 
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"very clean," very weak or no impurity lines or bands visible in a 

pocket spectroscope; "clean," weak dirt lines visible; "dirty," dirt 

lines brighter than He lines (He from cylinder). 

The exit canal geometry is shown in Fig. 10a. Some of the 

D = .026 in geometries of Fig. 10b were also used at various times, 

but no reliable measurements were made for these. 

Some of the results of the experimental work which has been done 

are shown in Figs. 11 to 17. The data presented here are from the 

last run with the clean discharge and a similar run with the source 

4 
gas supplied directly from the He cylinder. Only the more interest¬ 

ing data are graphed. Only a very incomplete range of parameters has 

been measured so far. 

Figure 11 shows the beam current 1^ as a function of acceler¬ 

ating voltage V between 0 and 8 kV for two discharge pressures. In 
a 

4 
the bottle was a clean, weak, He discharge with the probe voltage 

Vp at 3 kV. The axial magnetic field H was 17.8 gauss. These curves 

show that normal extraction and collection is apparently taking place. 

The focusing appears to be slowly improving as V is raised. The 
a 

graph shows that the .36 Torr discharge gave a maximum 1^ = 490 na 

at V = 5kV but this appears only because the discharge was turned off 
a 

at = 6 kV and 1^ = 510 na. When it was turned on again 1^ was down 

14% to 440 na. This gives an indication of the reproducibility of the 

measurements. 

4 
Figure 12 shows 1^ vs for a clean, weak He discharge. Two 

pressures at two different values of H give some feeling for the beam 
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currents measured. 1^ invariably rises for lower pressures in the 

region of the present measurements. Other conditions held constant, 

increasing H generally (but not for all other conditions) tends to 

increase 1^ (see Fig. 17). By referring to Fig. 7 it is seen that 

3 
.24 Torr is a good pressure for optically pumping with He pumping 

4 
light while He light is desirable at .36 Torr. However, either can 

3 4 be pumped fairly efficiently with He or He light. 

22) 
Eubank, est al. discuss somewhat the focusing action of the 

probe voltage and were able to relate it with ion densities in their 

discharges. They show that graphs like Fig. 12 are to be expected to 

go through a maximum for optimum focusing when the radius of curvature 

and position of the plasma sheath surrounding the exit canal reach an 

optimum. Here the electric field guides the ions through the canal 

filling the available area without colliding with the sides. Good- 

14) 23) 
win and Ganguly and Bakhru have obtained similar curves. 

The difference in source behavior for clean and dirty discharges 

is shown in Fig. 13. The dirty and clean discharges are those des¬ 

cribed previously. 1^ from the dirty source is about 20% higher than 

from the clean source. Due to the difficulty of matching discharge 

levels, from day to day especially, it is felt that this difference 

is not significant and that about the same behavior is found for dirty 

and clean discharges. More measurements will have to be made with 

better control of the parameters since the pressure and discharge level 

affect 1^ so strongly. If the source is unsensitive to the amount of 

dirt in these runs, it might be possible to relax the cleaning procedure 
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(heating for 3 days) and to use He as it comes from the cylinder with¬ 

out having to use the liquid helium trap. This would be useful only 

when measurements other than source polarization are of interest. 

4 
Figure 14 shows vs for a weak He discharge with H = 70 

gauss. The clean measurements were taken, then the solenoid was removed 

and the cell was cleaned by flowing the helium swiftly through the cell 

while the diathermy generator excited a bright discharge. Then the very 

clean measurements were made. Although the clean discharge gave cur¬ 

rents about 35% higher it is felt that here, too, variations in the 

pressures, discharge level, and magnetic field could account for the 

difference. The matter will not be definitely resolved until another 

set of experiments is done with better control of the variables, 

especially discharge level. At present the settings are rather sub¬ 

jective and other things held constant, even accidental variations in 

electrode placement would alter the discharge level. 

Figure 15 shows roughly how 1^ varies with discharge pressure. 

These data have been taken from various of the other graphs and except 

for pressure and discharge cleanliness are for the same discharge 

condition. The precise shape of the curve is probably not significant 

but the curve shows that much higher beam currents are available at 

lower pressure. At a pressure of .8 Torr a maximum beam current of 

25 na was extracted with V = 900 V. 
P 

4 
Figure 16 shows vs for a .13 Torr, dirty He discharge with 

H as a parameter. First, note that .13 Torr is suitable for optically 

3 
pumping with a He lamp, the discharge is very weak, and that several 
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microamperes of beam current are available for the higher fields. 

Second, note that as mentioned above, 1^ does not increase mono- 

tonically with H in this case, (That the point at 4.6 yUa, which 

seems surprising at first, is real, is verified from an examination 

of Fig. 17. The data for the two figures were taken separately but 

on the same day.) This effect does not seem to be well understood. 

Various authors ascribe the increase of 1^ with increasing H to some 

23) 
sort of focusing action , limiting of the space-charge-spreading in 

24) 
the canal , or to increased ionization efficiency by keeping the 

23-25) 
electrons away from the walls of the bottle 

4 
Figure 17 gives 1^ as a function of H for a very weak, dirty He 

discharge at .13 Torr for two probe and accelerating voltages. V is 
a 

probably not critical but again only more data will confirm this. 

Something rather interesting is obviously happening in the upper graph 

The double maximum is puzzling. For the present the curve will only 

be explained as showing the results of "focusing action." Once again 

more data would help to interpret phenomena like this. The highest 

magnetic field obtained here was about 389 gauss. It is obviously 

desirable to extend this. This will be mentioned later. 

The metastable densities in weak discharges used for optical 

pumping are observed to be approximately pressure independent. Taking 

for a quite weak discharge a pumping time, T^ of say 36 sec at 1 Torr, 

Tp will then be approximately 9 sec at .25 Torr or 3.6 sec at .10 Torr 

For the 18 sec average time in the cell, the fraction of the usual 

static-system polarization which can be achieved for these two pumping 
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2 5 
times will be (1-1/e )— .86 or (1-1/e ) 1. Thus from the stand¬ 

point of the polarized ion source, the most important results are the 

indication that several microamperes of beam current from a source gas 

polarized to perhaps 25% seem within reach. (Assuming the results 

from dirty discharges will apply to clean discharges.) From the stand¬ 

point of atomic physics, the results indicate there is much interesting 

work left to do. This is discussed below. 
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V. FUTURE WORK 

A. THE PRESENT EXPERIMENT 

Because of the incomplete nature of the data taken from the ion 

source the work anticipated in the immediate future includes more 

complete measurements of the interrelations between the various 

parameters, investigating particularly the pressures which appear 

favorable for optical pumping. A low-pressure (0 to 1 Torr) thermo¬ 

couple will be calibrated and installed. Later, with more data in 

4 3 
hand it will be necessary to decide whether to use He of He lamps. 

An attempt to increase beam currents by going to higher magnetic fields 

should be made. In several cases 1^ did not depend greatly on H but 

Fig. 17 still looks interesting. Since the increase in 1^ with 

increasing H is generally agreed to come about, at least in part, 

from the increased plasma density due to increasing the path length 

of electrons, one might expect the optical pumping process to be 

degraded as it would with an increase in the rf power. If this is 

the case of course, one turns the rf power still lower and hopes for 

some of the suggested magnetic focusing effects to increase 1^. 

As the field increases, homogeneity requirements decrease for 

3 
optically pumping He . Since the atoms are in the bulb for 18 sec, 

the requirement is that the relaxation time due to gradients be 

several times 18 sec. A magnet designed for 1% homogeneity across 

the cell would give T^ ~ 200 sec at 220 gauss and 1 Torr. For lower 

pressures and for higher fields T^ is even longer. 
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A variety of quartzes are on hand to try variations in the 

geometry of the quartz sleeves surrounding the exit canal. The avail- 

14 24) 
able quartzes are listed in Fig. 10b. Goodwin ’ found that the 

height of the quartz tip over the canal should be about one extraction 

23) 
electrode diameter. Ganguly and Bakhru ' found the extraction elec¬ 

trode depth should be about the diameter of the canal. The question 

is still open in the case of the present very different source oper¬ 

ating conditions. 

It may prove desirable to measure beam current while optically 

3 
pumping He in the system. The changes required for this are the 

3 
installation of fittings for the He supply cylinder and of a suitable 

stopcock in the 8 mm pumping line. The latter is necessary to prevent 

3 
the He from diffusing through the magnetic gradients that would be 

found in the line. 

This phase of the work then, will be directed toward obtaining 

maximum beam currents for conditions which are favorable for optical 

pumping. Satisfactory results seem to have been already achieved. 

Because normal ion sources which produce much larger beam cur¬ 

rents are run at lower pressures and higher discharge levels another 

type of cell was considered but rejected. The idea was to make a 

"dumbbell” cell, optically pumping in one chamber at, say, 1 Torr 

while extracting ions from the second chamber at a pressure of, say, 

20 jbu . No advantage could be obtained in this scheme because of the 

3 
decreased relaxation time of the He metastables due to relaxation at 

the walls under the reduced pressure. Metastability exchange would 

then relax the ground-state polarization. 
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?£\ 
A modification of this scheme due to Schearer ' is attractive 

in principle. At 4.2°K the cross section for metastability exchange 

27) 
approaches zero . Thus by keeping the gas in the second chamber at 

liquid He temperature the ground state is effectively isolated. Thus 

lowering the pressure and intensifying the discharge would quickly 

depolarize the metastable population without affecting the ground- 

state polarization. In principle, considerably higher currents at the 

same polarization would be available. Some problems immediately 

obvious include suitable elimination of magnetic gradients, the power 

dissipated in the liquid He by the discharge, and suitable design of 

an ion bottle and base plate to go inside a dewar without large heat 

leaks. 

Because the present source performs adequately, this modification 

would not be profitable in the near future. A microampere of beam 

current is sufficient for the immediate objective of measuring beam 

polarization. 
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B. MEASUREMENT OF BEAM POLARIZATION 

The next step will be to ins tall the source on the Cockroft- 

Walton accelerator. The ion source gives ions whose nuclear spins 

are predominantly parallel or antiparallel to the axial magnetic 

field at the source. The ions have an unpaired electronic spin so 

their precessional frequency is large, 1.4 Mc/sec gauss. This means 

that even in the earth’s field the ion's precessional period will be 

comparable to the time the ion is being accelerated (.3 ^usec). 

Therefore a "guide" magnetic field will be necessary to insure that 

the direction of the field is always along the axis. Since the 

strength of the magnetic field is no longer important so long as the 

total field (earth plus equipment plus coils) is essentially along 

the beam axis, the magnet coils supplying this field are not too 

critical. Large Helmholtz coils or one large coil could be used. A 

wire wound around the vacuum tube should provide a guide field as 

long as the tube is straight. 

3 4 
The scattering asymmetry in the d(He ,p)He reaction is in the 

polarization of the outgoing protons. The proton polarization at the 

3 
angle chosen is 801 of the incident He polarization. The proton 

polarization is detected by the left-right counting asymmetries when 

the protons are then scattered from He^. Brockman^^ has described 

a helium polarimeter which will probably be used with some modifica¬ 

tions . In order to increase the counting rate the density of the 

helium in the polarimeter will be increased, possibly by using 

liquid He\ 
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It should be mentioned that some unexpected reaction could occur 

with the ions which could reduce or destroy the beam polarization. 

The experiment is designed to show that this is not the case. The 

beam is expected to be polarized. 
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C. ATOMIC PHYSICS 

Even after the ion source has been successfully tested the present 

apparatus should be useful for various experiments in atomic physics. 

Extending the present type of measurements to regions not of interest 

for the ion source would still be of interest from the point of the 

atomic physics involved. 

Boyd and Morris have described an rf mass spectrometer used for 

29) 
measurements of certain inert gas discharge products . In their 

•j* . -|« 

dc discharge the ratio of wall currents He^/He has been measured to 

30) 
be .08 at 1 Torr and of course drops for lower pressures. This 

has been taken to mean that the percentage of molecular ions in the 

ion beam ought to be small. However, the conditions of Morris1 

experiment are not the same as those of the present experiment and 

the actual ratio will not be known until the beam undergoes momentum 

analysisc 

A beam momentum (e/m) analyzer will probably be added soon. This 

will allow interesting extensions of the present work. The ratio of 

He^ to He"*" as a function of pressure and discharge conditions would 

probably be measured first. 

Charge exchange cross sections of various gases with helium might 

be measured by knowing the percentage of impurity atoms and the compo¬ 

sition of the beam. The effects of H, V , pressure, and discharge 

intensity could be measured here, too. 

Measurements of electron densities in helium discharges will 

probably be made. This data would be useful and quite interesting and 
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would probably be taken as a function of H, pressure, and discharge 

level. The effect of changes in the frequency of the rf excitation 

would be of interest since 500 Kc/sec discharges which have been used 

for optical pumping are known to behave somewhat differently than the 

50 Mc/sec used in the present experiment. The ion-source character- 

24) 
istics might be changed with this low frequency . It may well be 

the case that more effects meriting investigation will appear as these 

various experiments are tried. 
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VI. CONCLUSIONS 

There is more work which should be done to optimize beam current 

and pressure. Different exit canal geometries and higher magnetic 

3 
fields should be tried. He may be used in the ion source mockup. 

There are many interesting atomic physics experiments which can be 

done. Beam analysis and controlled amounts of impurity gases are 

planned for this work. 

The ion source will have to be put on the accelerator to measure 

3 4 
the beam polarization. The d(He ,p)He reaction will be used. The 

design of the target, polarimeter, counters, guide field, and ion 

source are or will be soon under active consideration. The counting 

rate calculated is about 10 counts per minute which should allow the 

experiment to be done with 1% statistics in less than a day of counting. 

The beam currents reported in Section IV-B were obtained under 

3 
favorable conditions for optical pumping in He . The flow rate allows 

3 
an atom to be pumped for 18 sec and the pressures imply that He 

pumping light is probably desired. Thus the results obtained, even 

so far, indicate that the ion source ought to perform satisfactorily 

on the accelerator. 
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APPENDIX A: SOLUTION FOR THE ENERGY EIGENVALUES 

AND EIGENFUNCTIONS OF HE3+ 

Consider a system made up of a nucleus with spin I and elec¬ 

tronic spin J\. If Ho is the applied magnetic field and Jli/l and 

/o/j- are the two gyromagnetic ratios, the magnetic interaction 

Hamiltonian may be written, 

4=4TI-«r -f1 l-tlo-f*"* 'J 

where is the field at the nucleus due to vJ" . Since Hr is 

proportional to let 

H ■r = fcr f ■ J 
In addition let the hyperfine structure constant A, be given by 

A = 

so that 

(i) 

Using the usual raising and lowering operators, an alternative form 

is obtained which will be used later, 

- fH (2) 

-fTH, 
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Let F = I + J. Then following the Breit-Rabi procedure, it is 

seen that the first term of Eq. (1) is diagonal in the |F, } 

representation and the last two terms are diagonal in the [m^., m ) 

representation. is diagonal in neither. In order to find the 

energies of this system then must be diagonalized. The matrix 

elements will be written in the (ra , m ) representation. 
JL J 

Inspecting Eq. (1) it is seen that 

and therefore 

Thus if m = m + m , all of the non-vanishing matrix elements are 
x J 

diagonal in m. 

The problem may now be solved with considerable generality. Let 

3+ 
rather I = 1/2, J = 1/2 be specified which is the case for He . Then 

the (energy) eigenvalues of the <fm^., m^l ^t{ ^ matrix must be 

found. The | + -) notation of Section II-A will be used for |m , m ) 
x j 

The secular equations can be solved by setting the determinant equal 

‘to zero. 

C++1 Vrf*|+ +> -1 O O O 

O <+-1 (-i--> - E (-+> O 

o <—+i i+-> <
/
-+-NMI-+>-E O 

o <—i^Ml—-E 

= o 

o o 
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Letting the H axis lie along H0 , it is seen by inspection that 

<++•1 ^M|+-i->-E “O j E^= 

<--/WMI-->-E =o ; E<_= ^ V1 H<> +/Hr ' 

Then 

A - E B 

C D - E 
0; E" (A + D)E + (AD - BC) = 0 

is left to be solved. So 

Now 

A - <+-l v(„i+-> ^ + 

D = <—l-l M„| -+> = - Ha - j*-T ^0 • 

31) 
(2) now it is seen that / 

B = <+-l f*(I+T.+ I_ J^l” 

-|<+-ir4i— ><— i zi-+> 
_ A 

2 

(3) 

Using Eq. 
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By Hermeticity B = C* so 

C = 
A 
2 * 

Substituting into Eq. (3) it is seen that 

E3 = _ A + Ayr+x- 

where 

Here A and JUg are the nuclear and Bohr magneton respectively. 

3+ 
Since for He A < 0 the energy levels are those in Fig. 2. 

3 
Now that the energy eigenfunctions of the He ion are known, the 

eigenfunctions may be found. They will be made up of linear combin¬ 

ations of the wave functions [m^., m^ . 

Let 

ify- /-+■> 

14>- i++> 

i i)- /+-> 

!<£,>- I —> . 
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The non-vanishing matrix elements of in this representation 

are found above. Here they will be relabeled as follows: 

En = <r+l l-+> = ~ ^ + H0 (~~ ~~ 4 ~ 

E13 = <-+l + ^ 

E22 -<-t+l MMI + + > =■ £ - H* + 

* (4) 

^31 = ^- I ^ ^ ~ 

E
33 - <H + - - $ - H0 = - $ + ^ 

e
44 = <-'l V»f M * > =• | + Ho (/<T + /*:r) . 

Now, the eigenvalues of fA 

is the desired wave function, 

are known from above so if 

The E. are 
I 

Ei - - A _ A \JT+7r ■ 
E2‘ ^ 

E3=-f 

E4 ^ + ■ 

The can be written . i . *—•• >» . i . 

(6) 
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Then the following simultaneous equations for the can be written. 

Multiplying Eq. (6) by and then < I : 

For i 1. 

J J 

a C||- 1„E,| + ^IS E,a 

^4*2 MM l^l) = E,?/2.= ^12^22 

F % = f F + £ F 

F s = ? F L
I
s<4 \ l-rt 

Since Et f E22 and Ex f 

The two equations left are linearly dependent. The extra equation 

used is therefore the normalization condition, 

n%r=/ . 
J J 

For the present it is assumed the • are real. Then squaring 
s/ 

the first equation, 

CE.-EXC-SE: = 

{(f\if2- 
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( 

Then   

c _ (£,-E„) c //+*1 - * 

~73 P ” f/,/ T \* . ?^2 
Ws l(v*+X -*) + / J 

So 

V/ = />/-+> - A/v--> . 

For i = 2 

<^4, I WM I ^2-^ “ ^ Z ^21 “ ^2.1 *= 1/ **" ^2-3 ^13 

<&2f rfn irf*.} ~ Ez^2
= ^2^22 

1-2 ^23 ~~ ^Z|^"I3 + ^Z-3> ^33. 

'E-z. ^4- ” ^44 • 

Since E2 ^ E44 , i*24 = 0. 

This time the determinant of the ^21 ~^23 eclua^^ons no^ 

zero and the only solution is 

F 21 0 

Then as could have been seen 

E2 = E22 and 1 

Thus 

t= l++> ■ 
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For i = 3 

^31 ^ 31 En + ^33 E13 

: e3 ?32 ' C32 
E22 

E3 5 33 ^31 E31 + £ v 
> 33 33 

E3 s34 ■ ^34 E34 

As before ^32 = ? ^ = 0. Solving the second of the remaining 

equations and using the normalization condition, 

So 

(E rExYC z 

3| 
i 

2 

■3*3 

33 I \/2- 

^ _ CES-En) r \fl-fxz- - x 

Esi ?? 

43 = a. I_ -+ bln—> . 

It is easily seen that 

Vi->. 
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APPENDIX B: POLARIZATION OF THE HE3+ ION BEAM 

3 
A weak electrical discharge in a source gas of polarized He 

3+ produces He ions. Some of these ions are extracted from the dis¬ 

charge through an exit canal by the application of a voltage to the 

extraction electrode. The nuclear polarization of the ions in the 

extracted beam is now considered. 

3 
Let n ions be extracted from He source gas of polarization 

PQ = (N+ - N )/N. The number of ions in the various states will be 

A/+ 

2- N 
Y\ 

4 
iyl 

H Y) O' Pc) 

4- 
(y\ 

n _ 
2. 

vO ( H- 

4- 
UA H--> 

II 

/} (l— Po) 

4 
i —»-> . 

The ions in the | -f and |- eigenstates will remain in 

these states. Consider the n(l + PQ)/4 ions in the | + - ^> state. 

This is not an eigenstate of the system and the moments will behave 

analagously to classical precessing dipoles. The time dependent wave 

function for this state can be written with initial conditions as 

■=. (X l+”> +■ (3 I + > 

U,o) = i ; p C x, o ) =. 0 
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The time dependent Schroedinger equation 

‘•t-w 
must be satisfied for this wave function giving 

Multiplying from the left by -| and then +J gives two simul¬ 

taneous differential equations for o( and ^ . The matrix elements are 

already computed in Appendix A and are listed in Eq. (4). The equations 

are 

a* = H^)* + (*) ^ 

= (§)«+■ (-$-4?) Is • 

After solving for o( and |9> and using the initial conditions the wave 

function is found to be 

-If /fr ~ ^ /"P) 

+ 1 L>60a(x) e - au*) b(*) e, jl- + > 

where a, b, and x are as given above and XQ is simply x at time t = 0. 
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The time dependence is in the 

<5 i = fBidz 
O 

where the E^, are given in Eq. (5) of Appendix A. 

The contribution of these ions to the polarization is simply the 

expectation value of the nuclear spin divided by I and multiplied by 

the fraction of ions in this state, 

l+P» ^*1 rBl1
/> _ H-P, fcifo.N 

Since the hyperfine frequency is 8.6 kMc/sec the cosine term averages 

to zero in the fraction of a microsecond that the ion takes to reach 

the target. 

In the same manner it can be shown that the expectation value 

of I for the fraction of the ions in the | - +\ state is 

4- r 4 

But 

The total beam polarization is then 

4- 
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For low magnetic fields in the ionizing region or at the target, the 

2 2 
(b - a ) term vanishes leaving a beam polarization of PQ/2. If both 

the ionizing region and the target are in high fields, the beam polar¬ 

ization approaches PQ. 

If X = XQ and the field H is measured in units of 1530 gauss, the 

fraction 5 of source polarization retained in the beam is given 

approximately by 

* H2 ■+ I 

Thus, for a field of 1530 gauss at the source and target the beam 

polarization would be 3Pg/4. 
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