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DYNAMIC POLARIZATION IN RADIATION RESISTANT MATERIALS*
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Measurements of spin effects in small cross section processes have shown the need for more radiation resistant polarized
target materials. We have examined the dynamic polarization of a number of substances which are known to be highly
resistant to the formation of color centers with particular emphasis on toluene. We have also examined the relation be-
tween the maximum polarization and characteristic radiation flux constant to obtain a figure of merit for new materials.

Interesting spin effects have recently been ob-
served!) in proton—proton elastic scattering near
90° in the center of mass. The very small differ-
ential cross sections involved require the use of
high intensity beams. A serious difficulty with the
use of a polarized target in this experiment was
the loss of polarization resulting from radiation
damage to the target material?). The polarization P
of the target decays exponentially with accumulat-
ed radiation flux @ through the relation
P = P, exp(—9/®,), (v
where F, is the initial polarization and @, is the
characteristic flux for the polarization to decay to
1/e of its initial value. The materials which are
used most often today, ethanediol, propanediol,
and n-butanol, have @, values of (1-4) x 10'* par-
ticles/cm?. When used in an intense beam of a
few 10" particles/s these materials require fre-
quent annealling and replacement every 1-2 days
because of non-anneallable radiation damage. It is
clearly desirable to find polarized target materials
with @, > 10" particles/cm?.

Studies of radiation yields**) and production of
color centers®) have shown that a number of ma-
terials have higher resistance to radiation than the
alcohols and diols. In particular aromatic com-
pounds are known to have small radiation yields
and good resistance to producing color centers.
We have examined a number of these materials in
an attempt to find one that would also give polar-
izations comparable - with the 70-80% typically
found with the diols and butanol in *He evapo-
ration cryostats. In this we have not been success-
ful. However if the beam intensity is high enough
some of these materials should be preferable to
the standard targets as we discuss below.

* Work supported in part by the U.S. Department of Energy.
* Present address: Physics Dept., Brookhaven National Labo-
ratory, Upton, L.I., N.Y. 11973, US.A.

The materials used in this study were selected
from a list of organic materials examined for the
production of color centers by Alger et al.’). These
authors assigned each material a relative coloring
ability (RCA), equal to the amount of time the
material was subjected to an intense electron beam
in order to produce a given amount of coloring.
The materials varied in RCA from 2 for methanol
to > 2000 for benzene, toluene, and t-butanol. The
common polarized target materials ethanediol and
n-butanol had RCAs of 8 and 24 respectively.
Thus if a suitable material could be found among
the top rated materials it could potentially have
several orders of magnitude better radiation resis-
tance than the substances currently in use.

We demanded that the materials have suitable
physical characteristics for a polarized target. First,
the compound was required to be a liquid at room
temperature. This is not a necessary requirement
but solids present additional complications such as
the type and concentration of a solvent. Second,
the melting point was required to be greater than
—115°C. If the melting point is much less than
this there is a large probability of melting the sam-
ple during the polarized target cooldown. Third,
the materials must be able to form stable spheres
under liquid nitrogen. All the results presented
here are from spheres 1-2 mm in diameter. Unfor-
tunately two of the top rated materials, benzene
and t-butanol, tended to crystallize and disinte-
grate after freezing and were dropped from further
consideration. The six materials with the highest
RCAs that met these requirements are listed in
table I.

The problem then becomes to find a free radical
which is soluble in the given material and to de-
termine the concentration of the radical which
gives the maximum polarization. The stable free
radicals which we used in this study are listed in
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TABLE ]
Summary of polarization results. LS: low solubility®).
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Material Formula RCA DPPH DTBN Crv HTMPO PX
toluene ()-cH, > 2000 49 577) LS ~2 LS
n-butyl ether C,He—O—C,H, 1000 ~44 ~40 LS 1 LS
ethyl formate H—C=0 1000 38 ~3 LS - LS

0,1
n-pentanol CH;3(CH,),OH 500 LS 45 62 - 578)
amyl acetate CH3—|C:O 400 ~45 43 LS - LS
O0—CsHy,
benzyl alcohol O—CHon 250 ~10 47 - - LS
table 2. The five radicals were DPPH: 22- 0.3% DTBN. Unfortunately the relaxation time at

Diphenyl-1-picrylhydrazl; DTBN: Di-tert-butyl-
nitroxide ; HMBA-Cr": Sodium bis (2-hydroxy-2-
methylbutyrato) oxochromate (V) monohydrate®);
HTMPO:  4-Hydroxy-2,2,6,6-tetramethylpiperdino-
1-oxy; PX: porphyrexide. We also list in table 2
the molecular weight, microwave frequencies corre-
sponding to maximum dynamic polarization for
positive and negative enhancements in a 2.508 T
field, and the effective g factor for each radical.

We have done a careful study of the depen-
dence of the polarization on concentration in the
top rated material, toluene. The results, shown in
fig. |, show that the polarization at 0.5 K using
DPPH peaked at 50% for 1% DPPH by weight.
The polarization with DTBN increased with de-

0.5K was over Sh for this concentration. This
long relaxation time means that target reversals
and thermal calibration measurements would take
much longer than normal, making 0.5% the low-
est practical concentration. The radical HTMPO
gave very small polarizations while PX and
HMBA-Cr¥ were insoluble in toluene. A summary
of the results for the maximum practical polariza-
tions obtained at 0.5 K in the pure substances is
given in table 1.

More detailed information on the individual tri-
als of these and some closely related materials is
given in table 3. We have listed the concentration
of the radical in percent by weight, whether or not
the radical was mixed into the solvent under a

creasing concentration reaching 62%  for vacuum (to remove dissolved oxygen), the maxi-
TABLE 2
Properties of the free radicals.

Radical Formula MwW | 1 Lefr

(GHz) (GHz)

DPPH (NO,);C¢H, N(.IN(Cg Hs ), 395 70.27 70.47 2.004
DTBN ((CH3);C),NO(.) 144 70.27 70.52 2.005
PX ICNHNHCNHC(CH3)2 IJ\JO(.) 141 70.15 70.58 2.000
HTMPO ‘C(CH3)2CH2CHOHCH2C(CH3£1?JO(.) 172 70.25 70.58 2.006
HMBA-CrY ref. 10 341 69.31 69.74 1.980
EHBA-Crv ref. 10 369 69.26 69.68 1.979
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Fig. 1. The polarization in toluene is given as a function of the
concentration of free radical used. The curves are drawn to
guide the eye. Concentrations are expressed in percent by
weight.

mum polarizations for positive and negative en-
hancements, and the relaxation time at 0.5 K. In
general we have considered these tests to be a first
pass thru a multi-parameter space. The method of
preparation might be varied next to further in-
crease the polarizations.

Since the polarizations obtained in this study
were only =~ 50% we must address the question of
how radiation resistant a material must be to be
“better” than the standard alcohol targets. Thus

TasLe 3
Summary of individual measurements.

we would like to assign a figure of merit to each
material given its maximum polarization P, and
characteristic flux @,. Polarized target experiments
typically measure some asymmetry

_ N.—=N- )
P(N,+N_.)

where N_(N_) is the number of events with the
target polarized in the +(—) direction, and P is
the target polarization. Experimentally we might
define the ““best™ target material available to be
the one that minimizes the error d4 on the mea-
surement of 4 in a given period of time. For
N, =N_=N

_ 3)
d4 = s any (

where (P) is the average target polarization during
the period the 2N events were collected. The
quantity d4 will differ for different substances since
(a) the maximum polarizations differ thereby af-
fecting (P), and (b) the characteristic fluxes @,
differ affecting both {(P) and N. The N dependence
arises from the time lost annealling and changing

A

targets.

Radical Solvent % Vacuum P P- T, (m)
DPPH Toluene 0.5 Y ~22 - ~ 340
1.0 Y 49+3 50+3 8528
2.0 Y 40+3 37x3 647
3.0 Y 32+3 29+3 337
Mesitylene 2.0 Y 17+4 - 45+ 10
Ethylbenzene 2.0 Y 37x3 35+3 48+ 10
Butyl ether | (sat) - ~44 >32 390+ 160
Ethy! formate 2.0 N 38+3 - T4+6
Amyl acetate 1.0 Y ~45 - 265140
Benzyl alcohol 2.0 - ~10 - -
DTBN Toluene 0.3 N 65+5 58+5 ~ 320
0.5 - 57«3 54+3 142 +20
0.8 - 55«3 54+3 7925
1.2 Y 49+3 46+3 7418
Butyl ether 0.5 N ~40 - 370+240
Ethyl formate 0.5 N ~3 - -
Amyl acetate 0.5 N 44+3 42+3 20372
n-pentanol 0.5 N 48+3 42+3 100+ 11
Benzyl alcohol 0.5 N 40+4 S4+4 125+15
HMBA-CrY n-pentanol 1.8 - S1x3 59+3 165+30
5.3 (sat) Y 50+3 58+3 103 +28
EHBA-CrY n-pentanol 2.0 Y 61+3 63+3 244+ 60
HTMPO Toluene 1.0 Y ~2 - -
2.0 Y ~2 - -
Butyl ether 20 N 134 9+4 18+6
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Fig. 2. The maximum polarization required in a new material
is shown as a function of its characteristic radiation flux con-
stant. The numbers by the curves refer to the K values, which
specify the numbers of events collected per 1014 particles/cm?.

We have written a computer program to calcu-
late for a given flux constant @, the maximum ini-
tial polarization P, necessary to achieve a 2% er-
ror on A in a seven day period. We have assumed
a beam intensity of 10'° protons/s over a 4 cm?
effective area. The polarization was assumed to
fall off with radiation damage according to eq. (1).
In addition the initial polarization following an-
nealling was assumed to be related to the starting
undamaged polarization A, in the same manner
found for ethanediol, namely?)

P P _
Py(ann) = P, [P_a + <1 - P_;> e ‘D/“’“A], 4)
0

where P,/P,=0.8 and @®y,=10" protons/cm?’.
The program optimized the number of target
changes and anneals for each combination of @,
and P,. Anneals were assumed to require 90 min
and target changes and accompanying thermal
measurements 8 h. It was further assumed to be
impractical to anneal more than once every 8 h or
change targets more than once each day.

The results are shown in fig. 2. The exact rela-
tionship between F, and @, depends on the exper-
imental parameter K which gives the number of
events per 10'* protons/cm? on the target. The
parameter K essentially measures how fast events
are collected compared to the rate the target is dam-
aged. For large cross section processes the curve
quickly flattens out and there is little advantage in
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using high @, materials. New materials will be
most useful in measurements of asymmetries in
small cross section processes. As a practical exam-
ple consider the K =400 curve. Present diol tar-
gets (@, =2) can easily achieve the initial polariza-
tion of 74% required to make a 2% measurement
of A in one week. A new material with @,=10
would only require an initial polarization of 59%
to acheive the same precision. In addition a
@, = 10 target only requires four changes and se-
ven anneals during the week while the @, =2 tar-
get requires four changes and fourteen anneals.

Several of the target materials investigated
acheived polarizations greater than 50% . The two
best possibilities at this point appear to be toluene
with 0.5% DTBN and n-pentanol with 2.0%
EHBA-Cr'. These materials may be preferable to
the diols under certain experimental conditions
and should be candidates for further study.

I would like to thank the authors of ref. 1 for
their assistance during the collection of data for
this paper. I would also like to thank Drs. D. Hill
of Argonne National Laboratory and M. Krumpolc
and J. Rocek of the University of Illinois at Chi-
cago Circle for providing the hydroxy acid-Cr"
samples for these tests.
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