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Abstract. 
The first direct measurements of nuclear tensor polarization p,, in a laser- 

driven polarized D target have been performed at  Argonne. We present pzz 
and electron polarization P, data taken at a magnetic field of 600 G in the 
optical pumping cell. These results are highly indicative that spin-temperature 
equilibrium is achieved in the system. To prevent spin relaxation of D and K 
atoms as well as the molecular recombination of D atoms, the walls of the laser- 
driven D target are coated with organosilane compounds. We discuss a new 
coating technique, the "afterwash", developed at Argonne which has yielded 
stable atomic fraction results when the coating is exposed to K. We also present 
new coating techniques for glass and Cu substrates. 

I INTRODUCTION 

Preliminary results of the first direct measurement of nuclear polarization in 
a laser-driven D target were reported nearly two years ago by Fedchak, Jones, 
and Kowalczyk [l]. Since then, the Argonne group has performed a systematic 
study of the nuclear tensor polarization p,, and has developed a new coating 
technique, the "afterwash". A laser-driven H and D internal target has been 
installed in the Cooler ring at IUCF by the CE66/68 collaboration, represent- 
ing the first use of a laser-driven H and D target in a nuclear physics exper- 
iment [21. Here we will summarize the afterwash coating technique and also 
present new coating techniques for Cu and glass substrates which are currently 
being developed at Argonne. Additionally, we will present results of nuclear 
tensor polarization measurements in a laser-driven target with B = 600 G 
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in the optical pumping cell. A detailed report of the p,, measurements is 
forthcoming [3]. 

I1 PHYSICS OF THE LASER-DRIVEN TARGET 

In the laser-driven D target, K atoms are polarized by optical pumping 
with polarized laser light in a high magnetic field. The electron polarization 
is transferred to D atoms in D-K spin-exchange collisions. Deuterium electron 
polarization is subsequently transferred to the deuterium nucleus in D-D spin- 
exchange collisions. Walker and Anderson [4] have examined the consequences 
of D-D spin-exchange collisions in a laser-driven polarized D target. In the 
limit of many spin-exchange collisions, the population distribution of the s i x  
magnetic ground substates of deuterium will come to an equilibrium distribu- 
tion characteristic of the total angular momentum pumped into the system 
by the laser. At equilibrium, the relative population of a given deuterium 
magnetic substate is given by 

where p-' is a parameter known as the spin-temperature and mI is the pro- 
jection of the nuclear spin on the spin quantization a x i s .  Eq. (1) can be used 
to calculate both the p,, and the electron polarization P, at equilibrium. The 
timescale for attaining spin-temperature equilibrium is inversely proportional 
to the D density ~ L D ,  and sets the timescale for polarizing the nucleus. Spin- 
temperature equilibrium in a laser-driven target has been discussed in several 
previous publications [ 1,5-71. 

- 

I11 EXPERIMENTAL APPARATUS 

A schematic of the laser-driven target is shown in Fig. 1. Details of the 
experiment can be found in Refs. [3,5,6] and will only be summarized here. 
Deuterium flows into a rf discharge which dissociates the molecular deuterium 
into atoms. Deuterium atoms and molecules flow from the dissociator into 
a cylindrical optical pumping cell which lies between two pole faces of an 
electromagnet. The optical pumping cell has a diameter of 2.2 cm and a length 
of 4.6 cm. Potassium enters the cell through a 0.9 mm aperture connected to 
a K reservoir heated to 180"C, corresponding to a K density of 3.8 f 0.8 x 
10'l ~ m - ~ .  The 42S1~2 - 42P1/2 resonance of K is optically pumped by about 
2 W of circularly polarized light from a Ti:sapphire ring laser broadened by 
an electro-optical modulator to match the Doppler width of the CT+ or CT- 

transition. Atoms experience about 700 wall bounces in the optical pumping 
cell and enter the transport tube through a 3.1 mm aperture. The pumping 
cell and Pyrex transport tube are heated to between 200°C and 250°C to 
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FIGURE 1. Schematic of the laser-driven D target. 



prevent K from condensing on the walls. The Pyrex transport tube extends 
to a length of 30 cm, has a diameter of 19 mm, and is joined to a 6 cm length of 
aluminum tube by a viton O-ring. Atoms exiting the extended transport tube 
flow into an open ended aluminum storage cell 48 cm in length and 23 mm in 
diameter. Both the storage cell and aluminum section of the transport tube 
are heated to over 200°C. A 5 mm hole in the center of the storage cell allows 
the Pe polarimeter to sample atoms leaving the transport tube. 

The P, polarimeter is located downstream of the transport tube and has an 
acceptance such that the polarimeter samples atoms which have made many 
wall collisions in the transport tube. A sextupole magnet focuses atoms with 
spin up and defocuses those with spin down. Focused atoms pass through 
a chopper wheel and me detected by a quadrupole mass analyzer (QMA). A 
removable shutter placed before the sextupole allows one to measure the back- 
ground signal in the QMA. Atomic polarization can be measured by blocking 
and unblockingthe laser beam. The atomic polarization is determined by: 

where nt(l) denotes deuterium atomic states with electron spin up (down) 
and n(un)bio&ed is the signal measured with the QMA with the laser beam 
(un)blocked. 

The atomic fraction, fa, defined as the total number of deuterium nuclei in 
the form of atoms over the total number of deuterium nuclei (in the form of D 
or D2) is also determined using the Pe polarimeter. This is determined with 
the QMA by measuring the mass 4 (amu) signal with the dissociator rf power 
on and off: ~ ~~ 

no, 

nof f 
fa = 1 - -* (3) 

. With the rfpower off the mass 4 signal noff is entirely due to Dz, but when the 
dissociator rf power is turned on the mass 4 signal, n,, measures the molecular 
flow from Dz molecules that are not dissociated before entering the optical 
pumping cell and from D atoms which recombine on surfaces between the time 
they leave the dissociator and when they reach the QMA. For both fa and Pe, 
the error in the measurements are dominated by systematic uncertainties and 
is less than 2%. 

In addition t o  P,, we can also measure the nuclear tensor polarization p, , ,  
defined by 

P,, = 1 - 3n0, (4) 

where no represents the fractional population density of the nuclear spin sub- 
states with ml = 0. The p,, polarimeter is based upon the technique developed 
by Price and Haeberli is]. To determine p,, the polarimeter employs the low 



energy 2H +3 H + n +* He reaction in which the angular distribution of the 
outgoing neutrons is anisotropic if the incident deuterium ions are tensor po- 
larized. The expression for the differential cross section for a tensor polarized 
incident deuteron beam is 

where a0 is the unpolarized cross section, which is isotropic in the center-of- 
mass frame, 0 is the angle between the direction of the outgoing neutron and 
the spin of the deuteron in the center-of-mass system, and the dilution factor 
f accounts for the small admixture of reaction channels which have no tensor 
analyzing power. For ion energies in the range used for the polarimeter, the 
dilution factor has been measured and found to be near unity (f M 0.96) [9]. 
The neutron anisotropy R, defined as 

is measured with and without the optical pumping light incident on the pump- 
ing cell. The ratio of the measured R values for polarized and unpolarized ions 
is used to determine the tensor polarization of the deuterons in the storage 
cell. Differences in the detector efficiencies and angular acceptance largely 
cancel in the ratio. 

A 2 keV electron beam directed along the length of the storage cell ionizes 
the deuterium atoms to produce D'. A solenoidal coil surrounding the storage 
cell creates the magnetic holding field of about 300 G that serves both to 
separate the deuterium magnetic substates and act as a guide field for the 
ions to prevent them from hitting the cell walls. Ions are extracted from the 
storage cell and accelerated towards a tritiated foil target mounted inside an 
electrostatic lens maintained at a potential of 50 kV. A Wein filter (2 x 2) 
located between the storage cell and tritiated foil acts as a velocity selector 
to separate deuterium atoms and molecules. The deuteron spin direction, 
which is parallel to the solenoidal holding field in the storage cell, precesses 
by 45" in the B-field of the Wein filter. Neutrons resulting from the fusion 
reaction 3H(d, n)a are detected in two NE110 scintillators placed parallel and 
perpendicular to  the spin direction, thus maximizing the neutron anisotropy 
in the two detectors. 

Tests of the polarimeter with unpolarized deuterium show that the mea- 
surements are reproducible to better than A R / R  = 0.01. Corrections for the 
variation of p,, due to the angular acceptance contribute an uncertainty of 
Ap,, /pZZ < 0.005. The overall systematic error is dominated by the uncer- 
tainty in the spin rotation angle in the Wien filter, which gives a contribution 
of Apzz /p , ,  < 0.065. 



IV COATING TECHNIQUES AND TESTS 

In order to reduce the recombination on surfaces as well as preserve D and 
K polarization, the Pyrex glassware is coated using SC-77 plus a trimethyl- 
methoxysilane “afterwash”, while the aluminum storage cell and short con- 
necting tube are coated with a mixture of dimethyldimethoxysilane and 
methyltrimethoxysilane. Both the afterwash technique and aluminum coating 
techniques are discussed in ref. [lo]. Below we will summarize the afterwash 
technique developed at Argonne, and present measurements relevant to  the 
Pyrex glassware used during the p,, measurements. We will also present new 
developments in the technique of coating Cu surfaces with drifilm and of coat- 
ing Pyrex with SC-77. 

It is believed that standard coating techniques with organosilane compounds 
such as SC-77 wil l  leave OH sites on the coated surfaces [lo]. Consider, for 
example, the process of coating Pyrex with SC-77. SC-77 is a mixture of 
(CH3)2SiC12 and (CH3)SiCl3. During the coating process, the SC-77 is com- 
bined with H20 resulting in the C1 atoms being replaced by OH groups. The 
OH groups attached to the silane compounds will combine in such a way as 
to produce chains of Si-0 bonds with methyl groups (CH3) attached to the 
Si. These chains bond to the Pyrex surface to produce a surface of methyl 
groups. The methyl groups have a low dielectric constant and are fairly inert, 
therefore H or D atoms will tend not to stick to a surface of methyl groups. 
Consequently, these surfaces do not promote recombination of atoms to form 
molecules nor the spin relaxation of the polarized atoms. Occasionally, an OH 
group bonded to Si will remain in the final coating. As OH is a fairly polar 
and reactive molecule, the OH will be sites for relaxation and recombination 
of H or D atoms. Additionally, these sites will be subject to attack from--K 
atoms, which are known to bond with OH. 

To reduce the number of OH sites left in the final surface, a sec- 
ond coating, or afterwash, of a mixture containing trimethylmethoxysilane 
((CH,)sSi(COH3)) is washed over the SC-77 coating. Ideally, the methoxy 
group (COH3) will attach to the OH site to form a Si-0 bond and the remain- 
ing surface will then contain only methyl groups. We obtain excellent results 
using this technique. 

We use the atomic fraction as a measure of surface quality rather than the 
electron polarization because the atomic fraction samples all of the flow from 
the source, while measurements of the polarization select only the atoms in the 
flow, which in the event of significant molecular recombination on the surface 
is heavily weighted by the particles which experience the least collisions. Our 
experience is that fa is a more sensitive monitor of the surface quality than 
pe * 

Fig. 2 shows fa measurements made with the Pyrex glassware coated using 
the afterwash technique. The measurements were made without the storage 
cell in place, but the glassware and coating are the same as were used for 



the p,, measurements presented in section V. These do not represent “best 
ever” data, but represent the performance of the glassware used for the p,, 
measurements. As seen in the figure, the atomic fraction is relatively stable 
for the three days data was taken. This is a marked improvement over fa 
results for glassware coated with SC-77 alone which, in our experience, tends 
to yield a low fa after being exposed to K for a similar amount of time. 

Recently, the group at Argonne has been developing better coating tech- 
niques for Cu substrates. In the past, Cu substrates have been coated using 
a recipe similar to  that used to coat aluminum substrates [10,1,11]. Both 
the work of Swenson and Anderson [ll] and observations made at Argonne 
indicate that d r i h  coatings on Cu rapidly dete~orate  when exposed to al- 
kali. We now have a new recipe for coating Cu substrates: The Cu sub- 
strate to be coated is cleaned with Alconox followed by washes of HC1 and 
deionized water to both clean the surface and remove the oxide layer. This 
process is perfarmed several times, finishing with the rinse of deionized wa- 
ter. Immediately following the cleaning procedure, the Cu piece is immersed 
in deionized water. To this is added equal amounts of dimethyldimethoxysi- 
lane and methyltrimethoxysilane, so that the final solution consists of 10% 
dimethyldimethoxysilane, 10% methyltrimethoxysilane, 80% deionized water, 
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and enough HCl to raise the pH of the solution to between 2.7 and 3.1. The 
solution is not agitated. After 48 hours in the solution, the substrate is baked 
in vacuum for 24 hours at 225°C. 

Researchers have found it difficult to consistently prepare SC-77 glass coat- 
ings which are clear and of some desired thickness. We have developed a 
method of coating glass with SC-77 which consistently yields a clear coating 
and allows one to control the coating thickness. The SC-77 coating procedure 
is performed in a hood filled with N2. This prevents atmospheric water from 
reacting with the SC-77 before the coating is applied. The glass piece to be 
coated is suspended over a container holding 10 - 20 ml of SC-77. Deionized 
water is dripped into the container at a rate of about 0.02 m l / s .  By steadily 
dripping the deionized water into the SC-77, the SC-77 is vaporized at a con- 
stant rate thus allowing one to control the amount of coating deposited on the 
surface. The glass piece is exposed to the SC-77 vapor for 2 to 20 minutes, 
depending on how thick a coating is desired, after which the glass piece is left 
in air for 30 to 60 minutes. An afterwash can then be performed or the piece 
can be directly baked in vacuum for 24 hours. 

V POLARIZATION RESULTS 

With the storage cell in place, both the electron polarization and nuclear 
tensor polarization can be measured as a function of flow. Fig. 3 shows P, 
and p,, measurements with B = 600 G in the optical pumping cell. The 
relative independence of P, on flow is indicative that the system is in equi- 
librium over the entire range of flows investigated. Once nD is great enough 
to achieve spin-temperature equilibrium, the dominant flow dependentmech- 
anism for losing polarization is K-D spin-exchange collisions, which occur at 
a rate proportional to no. In this case, the 16% decrease in P, should be 
reflected in a decrease in the alkali polarization PK. This does not necessarily 
mean that PK is a sensitive measurement of P,, as a small change in PK could 
result in a large change in P,. Additionally, we have neglected other depolar- 
ization mechanisms that are dependent on D2 density and hence flow, such 
as spin relaxation due to D - D2 collisions and the loss of PK due to K-D2 
collisions. To the authors knowledge, these spin relaxation rates have never 
been determined. 

The helicity of the circularly polarized laser light was reversed to check for 
systematic effects. Other than the expected sign change, no dependence of IPe I 
or p,, on laser light helicity can be seen within the error of the measurements. 
This is also a strong signature of spin-temperature equilibrium. 

The measured p,, is less than 0.035 for all the flows we tested. Assuming 
spin-temperature equilibrium, Eq. (1) can be used to calculate the electron 
polarization that one expects from the measured p Z z .  The ratio of the electron 
polarization inferred from p,, to that of the measured P, is shown in Fig. 
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3(c). This ratio should be fairly free of experimental fluctuations such as 
laser frequency and power. The relative independence of this ratio with flow 
is a signature of spin-temperature equilibrium. On the average, the electron 
polarization inferred from spin-temperature, Pen, is about 40% less than the 
measured P,. This is not surprising since the electron polarimeter samples 
atoms from the transport tube, whereas the nuclear polarimeter samples along 
the length of the storage cell. Using Monte Carlo techniques, we estimate that 
the average D atom leaving the storage cell experiences about 650 more wall 
bounces than those detected in the P, polarimeter. Therefore, we can use 
the formula PfT = Pee-- to estimate the probability of relaxing per wall 
bounce, NZ;,,. We calculate that (N,.ela,) = f370 wall bounces. It must 
be noted that the electron beam of the nuclear polarimeter ionizes atoms 
along the length of the storage cell, therefore 650 wall bounces represents an 
upper limit to the difference in wall bounces between the two polarimeters. 
(N,.,raz) could U s 0  be anomalously low due to poor coupling of the Pyrex 
transport tube to the aluminum tube, so that some of the atoms may interact 
with the viton O-ring or enter the O-ring groove. Therefore (Nreraa) is not 
representative of wall conditions alone. 
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FIGURE 3. (a) p,, vs. flow of D nuclei; (b) IP,I vs. flow of D nuclei; (c) the ratio of the 
electron polarization inferred from the p,, data based upon spin-temperature equilibrium 
to the measured P, as a function of D nuclei flow. All data is taken with of field of 600 G 
in the optical pumping cell. 
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VI CONCLUSION 

In a laser-driven D target, wall relaxation is the dominant mechanism for 
loss of polarization and atomic fraction. We have developed new coating 
techniques which show improvements over previous methods used, both in 
terms of atomic fraction and the ability to obtain a consistent coating. We 
have also performed the first direct measurement of nuclear polarization in 
a laser-driven D target. This verifies that it is possible to obtain polarized 
deuterium nuclei without the use of rf transitions. The p,, measurements 
provide further understanding of the operation of a laser driven target. A full 
report of the p,, measurements is in preparation.' 
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