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Eyusnoea 3.11. El-92-518 
Pa6o4ee eew.ecTBO AJUI MHWeHH C nOJISIJ)H30BaHHblMH npoTOHaMH 
Ha OCHOBe neuTaHOJla 

1-CTeHTaHOJI - ncpcneKTHBHblH MaTepHan AJUI MHWeHH C IlOJIS1pH3OBaH­
HblMH npoTOHaMH, 6nal"OA3PSI ero BhlCOKOH CTOHKOCTH K paAHaU,HOHHblM IlOB­
pe~eHHSIM. C ll,CJlblO CO3AaH~SI eew.ecTBa MHWeHH 6blJIH HCCJleAOBaHhl paCTBO­
pbl KaK 1-nCHTaHOJla, TaK H 2-neHTaHOJla c· KOMOJleKCaMH IlSITHBaJleHTHOf'O 
xpoMa. B Ka4eCTBe eew.eCTBa MHWeHH npeAJIO)KeH MaTepuan, npeACTaBJISI­
IOW.HH co6on pacTBop KOMnneKca EHBA-Cr(V) e cTeKJ1oo6pa3uou MaTpnu,e ua 
OCHOBe 1-neHTaHOJla, 3-neHTaHOJla H l ,2-nponaH~HOJla. Bew.ecTBO MHWeHH 

HCCJJeAOBaHO MCTOAaMH 3JleKTpoHHOl"O napaMarHHTHOl"O pe3OHaHca H AH<txt>e­
peHu,HaJlhllOH CKaHHpyiow.en KaJIOpHMeTpHH. 

Pa6oTa Rhlnonueua n Jla6opaTOpHH SIACPHhlX npo6neM 011.SIH. 

Coo6w.e1rne 06i.c,11HHCIIIIOro HHCTHTYTa 11.!ICPHblX HCCJle,!IOWIIIHH. ,lly6Ha 1992 

Bunyatova E.I. El-92-518 
Pentanol-Based Target Material with Polarized Protons 

1-Pentanol is a promising material for a target with polarized protons owing 
to its high resistance to radiation damage. To develop the target.the solutions of 
1-pcntanol or 2-pentanol with complexes of pentavalent chromium were 
investigated. The material based EHBA-Cr(V) solution in a glass-like matrix, 
consisting of 1-pentanol, 3-pcntanol and I,2-propanediol, was proposed as a 
target material. It was investigated by the electron par"'magnetic resonance 
and differential scanning calorimetry methods. 

The investigation has been performed at the Laboratory of Nuclear 
Problems, JINR. 
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Experimental studies of spin effects, especially in reactions with small cross sec­
tions, require not only polarized targets but also particle beams of high intensity, 
over 108 particles/cm2s. Intense irradiation largely breaks nuclear spin polarization 
in the target material1- 4 • Experience shows that one can consider this breaking to be 
proportional to the radiation damage of the target material itself2. Usually, radiation 
damages show up as accumulation of coloured centres in the material. In ref.3·5 a 
relative unit of colouring capability (RCC) was proposed. As RCC unit is the rela­
tive time necessary for colouring in a fixed beam. RCC values for alcohols most often 
used in polarized targets are listed in Table 1. 

A decrease in polarization due to irradiation is usually estimated by the formula1 - 4 

P finite = Po ·e-4//4!., where P finite is polarization after irradiation with an accelerated 
particle flux 4> per cm2 • P 0 is the original polarization (before irradiation). 4>o 
is the particle flux per cm2 decreasing polarization of nuclei by a factor of e from 
the original value. The absolute value of 4> 0 is also called characteristic dose of 
depolarization. The values of 4>0 for alcohol according to ref.2 are listed in Table 1. 
Complex compounds of pentavalent chromium ( Cr(V)) in propanediol and ethanediol, 
where maximum polarization of protons and deuterons is obtained1 - 9 , have 4> 0 = (1.8-
2.5) x 1014 particles/ cm2 • If these materials are used in target with beams of intensity 
l · 1010 particles/s, the target material must be frequently annealed and replaced 
every 1-2 days because there are damages that are not recovered by annealing. So, 
the problem is to find a material of higher resistance against ionizing radiation and 
capable of providing high polarization. 

Table 1 clearly shows that pentanol is a promising material for a target with 
polarized protons. 

First experiments with 1-pentanol as a target material were described in ref.1°, 
then in ref.3•11 - 14 • The paramagnetic admixture, which is necessary for proton po­
larization, was the stable free radical porphyrexide and then the stable complex com­
pound of Cr(V) with 2-ethyl-2-hydroxybutyric , acid-EHBA-Cr(V)16• The authors 
of ref. 15 and later papersl,3,l0,11 noticed that a small amount of water increased po­
larization of protons in alcohol solutions, that the best dynamic nuclear polarization 
results are likely to be obtained in mixtures near eutectic composition. However, 
the "eutectic effect" was not explained. To understand the role of water, viscosimet­
ric study of binary pentanol-water or pentanol-pinacol solutions was carried out at 
temperatures17 from -5O°C to - I00°C. It was found that .water and pinacol admixtures 



increase viscosity of the solution, especially near the melting temperature, i.e. these 
admixtures are favourable for vitrification. In this case thermal motion decreases in 
the material, and -it hinders regrouping of molecules, which is necessary for crystal­
lization of either the solvent or the admixtures. Vitrification is quite a complicated 
process accompanied by changes in physical properties of solutions, such as volume, 
density, dielectric properties, etc. Yet, a primitive explanation of the "eutectic effect" 
can probably be the fact that in the region of eutectic compositions the vitrifying 

Table 1 

Material Chemical RCC <I>o, 1 · 1014 part./cm2 

formula 
Ethanediol C2H4(OH)2 8 2.5 
1,2-Propanediol C3H6(OH)z < 8 1.8 
1-Butanol C4HgOH 24 4.5 r 

1-Pentanol CsHuOH 500 

capability of solutions grows stronger. In ref.18 they experimentally proved the rela­
tionship between glass formation and polarization of protons in hydrogen rich glasses 
based on amines, borohydrides and ammonia. Though glassiness of solutions was 
determined by eye, it was shown that "de-vitrification" of materials lead to sharp 
decrease in proton polarization. In ref.19 they studied the phase state of a target ma­
terial based on ammonium boranes and amines, using differential scanning calorimetry. 
Two conclusions are indicated: maximum polarization occurs at or near the eutectic 
point reminiscent of alcohol-water mixture15 and the polarization rises more rapidly 
than the glass fraction. So it became clear that one should try to find glass-like ma­
trices when making target materials: In the paper20 , which was done at CERN many 
years after the papers15•17, there is the most complete differential scanning calorimetry 
investigation of different target materials based on ordinary and deuterated alcohols, 
which are actually glass-like matrices. 

But must water always play the role of a vitrifying admixture? Water itself is 
known not to form glass at a reasonable cooling rate. Adding water to the target 
material increases viscosity of a solution in the region of eutectic compositions and 
thus favours vitrification, but mainly it favours solving the paramagnetic admixture, 
e.g. EHBA-Cr(V). Aiso, the presen~e of water reduced resistance of the target material to radiation 2. 
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1-pentanol-based target material 

The aim of our work, which we began in 1985, was to try and make a target 
material based on pentanol without water, which could change into good "glass" ·when 
cooled. As a paramagnetic admixture, we used a complex compound of Cr(V) syn­
thesized in propanediol [Cr(V)-PD] with the concentration of paramagnetic centres 
2.5. 1020 cm-3. The proportion of the· complex in the pentanol solution was 18.5% 
by weight. This admixture increases viscosity and density of the target material and 

favours vitrification. Adding the [Cr(V)-PD] complex to pentanol at room tempera­
ture makes the solution turbid. However, at a temperature below -50°C it is possible 
to avoid turbidity and immediately freeze the solution in liquid nitrogen. No signs 
of crystallization were observed. The solid solution was transparent. This solution 
was investigated by the electron paramagnetic resonance (EPR) method. The EPR 
spectrum of the [Cr(V)-PD] complex in pentanol is a symmetric singlet g = 1.980 ± 
0.01. The spectral line width is liH = 14 -10-4T in the solid solution and liH = 2.6 
-10-4_T in the liquid solution. The Cr(V) concentration in the sol~tion was ~ 3 -10

19 

cm-3• The proton polarization obtained in this sample in the only experiment was 
44% *) at T = 0.3 K in the magnetic field 2.6 T 21 (figs. 1, 2). The working material 
was a set of fragments ~ 2 mm in size, obtained by crushing the frozen solution. 
--. .... -,,,.,_.,,_ 

....... 
.. 

rYY.,Y,,,,.. 
l 
I 

I 

\, . 
Fig. 1. NMR signal from protons 
in 1-penta:qol at T = 0.8 K 
in the magnetic field B = 2. 7 T. 
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Fig. 2. NMR signal from proton in 1-pentanol 

at 44 % polarization of protons, lif = 420 KHz. 
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•)Measurement was performed by Yu.F. Kiselev and A.F. Prutkoglyad at the Institute of High 
Energy Physics (Serpukhov) 
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Thus, we managed to get a water-free target matedal based on the solution of 
[Cr(V)-PD] in pentan'ol. The solid solution was transparent, which aHows us to 
state that the material was in a glass-like state. The material contains CH = 13% 
of hydrogen, the free-to-bound proton ratio is n = 3.34, the liquid state density 
is d = 0.86 g/cm3. For comparison, the corresponding characteristics of pure 1-
pentanol are CH = 13.6%, n = 3.16, d = 0.81 g/cm3, the melting point is -78.5°C. 
The disadvantages of this target material are a rather complicated procedure for 
making a transparent solution and the fact that it is difficult to make frozen balls 
suitable for the target in an ordinary way. 

Recently, however, foreign laboratories have sometimes been using targets in the 
form of a block21 ·22, the target resonator being filled with a liquid material and frozen. 
The advantage of these targets over frozen ball targets is that the material fills the 
resonator full while balls fill it only 65% full. Besides, in some experiments 3He and 
4He in the beam are undesirable. 

The material proposed can be used in these targets. 

Target material based on EHBA-Cr(V) solution in glass-like matrix 

It is known that admixtures providing a glass-like state are necessary for a 
target material to have an amorphous structure during polarization1•3•10•17- 20• The 
most often used admixture is watert,3,10,1s,11_ However, among pentanol isomers there 
are 2-pentanol and 3-pentanol, which do not have the melting point and form good 
glass. 

To check if the structure is amorphous or crystalline, we measured heat capacity 
and thermal relaxation in 2-pentanol and 1-pentanol. Alcohol samples were cooled 
from 292 K to 1.5 K at a rate of 1 K/min. Energy relaxation measurement at 
low temperatures showed that 1-pentanol is a crystalline substance. 2-pentanol has 
larger heat capacity than 1-pentanol and reveals properties typical of an amorphous 
substance23. 

Amyl alcohols, including 1-pentanol, 2-pentanol and 3-pentanol, are difficulty sol­
uble. For the first experiments we· chose 2-pentanol, which, for example, better dis­
solves in water than 1-pentanol and 3-pentanol. Following the recommendations of 
ref. 11 - 14•17, we took the stable complex of pentavalent chromium EHBA-Cr(V) as 
a paramagnetic admixture16. At room temperature the complex poorly dissolves in 
pentanol. Its; solubility considerably increases with temperature. Heating the solution 
in a boiling water bath we obtained a 0.1 M solution of the complex in 2-pentanol. 
We noticed that the solution changes its colour if heated to more than 60°C. It is 
quite possible that oxidation of reagents takes place. The EPR spectrum of the solu­
tion is a line typical of targets based on Cr(V) complexes with ~H = (2.5-3)·10-4T. 
The concentration of Cr(V) in the solution was less than 3.5 • 1019cm-3. When the 
solution is cooled the dissolved substance partly precipitates from it. To increase 

4 

1 

' t 

the stability of the EHBA-Cr(V) solution in 2-pentanol, we added to some samples 
EHBA to have24 pH• 3-4. The acid dissolves in 2-pentanol well, but does 
not practically improve solubility of. the EHBA-Cr(V) complex. The 0.1 M_ 

EHBA-Cr(V) solution in 2-pentanol was diluted with 1-pentanol to the concentration 
1 • 10-3 M. The EPR spectrum of this solution slightly differs from the spectrum of 
the solution before dilution. Probably, the exchange of complex and solution ligands 
takes place. 

We thus failed to prepare an EHBA-Cr(V) solution in 2-pentanol with the con­
centration required for target materials. 

Secondary alcohols are more susceptible to oxidation, so for 2-pentanol the proba­
bility to oxidize is higher than for 1-pentanol. We had no information on resistance of 
pentanol isomers to radiation, which might be lower than that of 1-pentanol. Amor­
phous substances are usually less resistant to radiation damage. The foregoing made 
us return to experiments with 1-pentanol as the basic matrix for a target material and 
look for a method to get solution with a sufficient concentration of the paramagnetic 
admixture and with glass-forming properties. 

It is known that solubility of a polar substance can be improved by adding a 
solvent with a large dielectric constant. Sometimes water with eH2o = 80.4 was 
added to target materials. We decided to use 1,2-propanediol with ec3 H6 (0H)2 = 32, 
which, .as we found, agrees with 1-pentanol rather well, increases viscosity and density 
of solution, forms glass if rapidly cooled. The paramagnetic admixture was EHBA­
Cr(V) complex. Besides, we added one more glass-forming admixture 3-pentanol, 
which has a more symmetric structure than 2-pentanol and might improve solubility 
of EHBA-Cr(V) on the principle "similar in similar". 

A sample was prepared in the following way: propanediol was mixed with 3-
pentanol. Then EHBA-Cr(V) was added to the solution, so that to have the concen­
tration of paramagnetic centres 5 • 1019cm3. The solution immediately coloured, the 

complex partially dissolved. Then 1-pentanol (83%) was added, and the solution was 
intensively stirred until the complex dissolved completely. 

For comparison, we made a sample as described in ref.12- 14, which consisted of 
EHBA-Cr(V) solution in 1-pentanol with 5% of water added. Both solutions were 
studied by the EPR method. The EPR line width was the same for the two samples 
(fig. 3). The samples were also analysed using differential scanning calorimetry (fig. 
4). The heating rate was 8 degrees/min. The curve of the water sample shows the 
melting peak at Tm = 194 K. The target material that we propose is glass. Its 
vitrification temperature is T9 = 130 K. The results obtained are in agreement with 
ref.20• 

Thus, we managed to obtain solution of the EHBA-Cr(V) complex in 1-pentanol, 
which is glass. The final conclusion regarding suitability of this material can be drawn 
from the study of proton polarization and other characteristics after exposing a target 
to a particle beam of high intensity. 
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Fig. 3. EPR spectra of EHBA-Cr(V) solutions 
(concentration 5 • 1019 cm-3 at T = 295 K. 

1 - solvent: 1-pentanol (83%), 3-pentanol, 
1,2-propanediol. 

2 - solvent: 1-pentanol (95%), water (5%). 
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Fig. 4. Differential calorimeter scans of EHBA-Cr{V) solution 
(concentration 5 • 1019 cm-3

) 

1 - solvent: 1-pentanol (83%), 3-pentanol, 
1,2-propanediol. 

2 - solvent: 1-pentanol (95%), water (5%). 
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