
The foregoing reaction is just such 
an efficient reaction, and it requires 
only the presence of hydroxyl groups. 
Since these groups are present in large 
amounts within cells (for example, in 
sugars) and since increased resistance 
to radiation damage is shown by bac- 
teria grown in a glucose medium (3), 
it is possible that this type of reaction 
plays a part in the high-dose radiation 
chemistry of cells. 
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Mobility of the Hydrated Electron 

Abstract: The transient change in 
conductivity in diluted barium hydrox- 
ide solutions during and immediately 
after irradiation with single pulses of 
electrons from a 15-million-electron-volt 
linear accelerator was measured. Ionic 
mobility of the radiation-produced hy- 
drated electrons was 1.84 X 108 cm2 
volt-,~ sec'- ? 10 percent. This value 
corresponds to a diffusion constant of 
4.75 X 10-5 cm2 sec- 1. 

The hydrated electron, one of the 
prime objects of research in radiation 
chemistry (1, 2), has been firmly estab- 
lished as the main reducing species in 
water radiolysis. Its absorption spec- 
trum is now well known, and its yield 
as well as the rate constants of its chem- 
ical reactions with numerous inorganic 
and organic species have been mea- 
sured, mostly with spectrophotometric 
techniques. Also, some other physico- 
chemical properties have been calcu- 
lated theoretically (3) or estimated from 
experimental data (1, 2). 

One of the aforementioned proper- 
ties of the hydrated electron is its dif- 
fusion constant. This quantity, together 
with rate constants, is important for 
the calculation of yields in the diffusion 
model (4), by which method it may be 
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by the expression De- -= Ac-kT/q, -, 
where k is the Boltzmann constant, T 
is the absolute temperature, and q.- is 
the charge on the electron. We there- 
fore undertook to determine the diffu- 
sion constant of the hydrated electron 
by measuring its mobility, using a con- 
ductivity method. 

If degassed water is irradiated with a 
pulse of ionizing radiation, a transient 
change of conductivity can be observed 
owing to the formation of hydrated 
electrons and the ionic species HO+ 
and OH-. In alkaline solution, prac- 
tically all the H1O+ ions formed will 
immediately react with OH- ions. Now, 
since the yield (G) of H30+ is larger 
than that of OH- [Guo30+ - 3.6 ions 
per 100 ev, Gi- - = 1.0 ions per 100 
ev (5)], we can expect a transient de- 
crease in OH- concentration during 
and immediately after the pulse, cor- 
responding to a "negative yield" of 
-2.6 and thus approximately equal to 
electron concentration (G_,- - 2.6), and 
only a very slight increase in H130+ con- 
centration during the pulse. Therefore, 
the conductivity signal obtained will be 
strongly dependent on electron mobility. 

We used approximately 4 X 10- ~N 
Ba(OH)2 solution (the highest con- 
centration compatible with our tech- 
nique) prepared by degassing triply-dis- 
tilled water (6) and injecting a small 
volume of filtered 10-2N Ba(OH)2 
solution. The exact concentration of 
the final solution and its carbonate con- 
tent, the latter being about 5 [M, were 
determined by a conductometric titra- 
tion technique. The samples were irra- 
diated with single electron pulses of 

4-/Asec duration from a 15-Mev linear 
accelerator, in a quartz cell with 75-t 
platinum foils as electrodes. The irradi- 
ation assembly and the electric circuit 
are shown in Fig. 1. The electron beam 
was collimated in a triple collimator so 
that a sufficiently homogeneous radia- 
tion field of 2.5-cm diameter was ob- 
tained. After passing through the cell, 
the beam was stopped in a Faraday 
cup. The current from the Faraday cup 
was integrated in a 10-microfarad ca- 
pacitor (not shown in the figure), the 
voltage on which could be measured 
with a vibrating-reed electrometer. The 
electrometer reading was used for :mon- 
itoring the dose; it had been calibrated 
previously by filling the cell with a 
Fricke dosimeter solution (7, 8) and 
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was necessary because part of the beam 
electrons are stopped in the cell, caus- 
ing strong negative signals from both 
electrodes. These signals are several 
times as large as the conductivity sig- 
nal. By properly adjusting the two chan- 
nels of the differential amplifier (a Tek- 
tronix type CA plug-in unit with a 
separate type 132 power supply), these 
"charge-induced" signals could be can- 
celed to a considerable extent. A change 
in conductance of the cell, however, 
resulted in a proportional voltage 
change across the differential ampli- 
fier; the voltage change was amplified 
and fed to the upper beam input of a 
Tektronix type 555 dual-beam oscillo- 
scope equipped with two type L plug-in 
units. The lower beam input was con- 
nected to the Faraday cup for monitor- 
ing the beam pulse shape. 

In order to minimize the effect of 
electrolysis and electrode polarization, 
the polarity of the batteries was re- 
versed approximately every second by 
means of an automatic switching de- 
vice. The resulting square-wave signal 
at the input of the differential amplifier 
could be eliminated by adjusting a com- 
pensating circuit consisting of two fixed 
2-kilohm resistors and two 2-megohm 
variable resistors (marked "Compensa- 
tion" in Fig. 1). Guard electrodes on 
both ends of the cell were kept at the 
same d-c (and slow a-c) potentials as 
the adjacent cell electrodes, thus elimi- 
nating the possible influence of radia- 
tion-induced conductivity in the cell 
windows. The linear accelerator could 
be triggered between any two polarity 
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Fig. 1, Apparatus for transient conduc- 
tivity measurements. 
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Fig. 2. Transient conductivity signal, obtained by irradiating a Ba(OH), (about 4 
X 10-5 N) solution with a 4-,sec pulse of electrons at an average dose rate of 4 X 
1025 ev liter-l sec-l, and several computed signals. 
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reversals. For each measurement, two 

oscilloscope pictures at different bat- 

tery polarities were taken. Since the 
nonbalanced portion of the charge-in- 
duced signals was independent of cell 

voltage, the "pure" conductivity signal 
could be derived by algebraical subtrac- 
tion of the signals in the two pictures. 

Figure 2 shows the conductivity sig- 
nal (circles) obtained by subtracting two 
such traces. For evaluating the results, 
a CDC-3600 digital computer was used. 
A computer program had been written 
so that the concentrations of all chem- 
ical species involved and the change in 

conductivity as functions of time could 
be calculated from (i) the G-values for 
the molecular and radical products of 
water radiolysis; (ii) the rate constants 
for the reactions of these products with 
each other, published values (9), mostly 
determined by optical pulse-radiolysis 
techniques, being used; (iii) the mobili- 
ties of all ionic species (in this case the 
known values for H30+ and OH- and 
assumed values for e-); (iv) the dose 
rate as a function of time, approxi- 
mated by successive step functions. 

Several conductivity signals thus 

computed are included in Fig. 2. As 
can be seen in this figure, the signals be- 
come negative after the pulse, an indi- 
cation of transient decrease in conduc- 
tivity which can be explained by a mo- 

bility of the electrons less than that of 
OH-. The negative portion is strongly 
influenced by impurities such as 02 
which scavenge electrons and form neg- 
ative ions of lower mobility (such as 

02-). In order to fit the measured and 
the computed curve, we had to assume 
an oxygen content of the solution of 
1 /M (compare curves No. 2 and No. 
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4). On the other hand, the positive por- 
tion depends strongly on electron mo- 

bility (compare curves No. 1 and No. 
2), but relatively little on above-men- 
tioned impurities, so that this portion 
was used as a criterion for the mobility. 
In order to show the influence of the 

H30+ yield, about which there still is 
some uncertainty, we have also com- 

puted a curve for Go30+ = 3.42 (5 per- 
cent lower than the value assumed to be 
correct) and correspondingly GoIT- - 
0.82 (curve No. 3). In Fig. 2 the best 
fit was obtained with curve No. 2, in- 

dicating an equivalent conductance, 
lC_, equal to 185 mho cm2. Other 
measurements yielded slightly different 
values. As average values, we obtained 
for the hydrated electron the following 
results: the equivalent conductance, 
1-, was 177 mho cm2 ?+ 10 percent 
(10); the mobility (t,- -= 1,/F, where 
F is the Faraday constant), iUe-, was 
1.84 X 10-" cm2 volt-l sec -1 10 

percent; the diffusion constant, D_ = 
4.75 X 10-5 cm2 sec-1 +- 10 percent. 
These values are about half the values 

previously estimated by Schwartz (11) 
and Platzman (3). Matheson (2) has 
used our value of the diffusion constant 
for calculating the diffusion-controlled 
rate constant for the reaction of the hy- 
drated electron with oxygen, at the same 
time using an electron radius of 2.7 A 
(12) and a radius for 02 of 1.6 A (13). 
The value obtained (2.33 X 1010 M-1 
sec-1) is consistent with the experi- 
mental value of 2 X 1010 (9). 
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ing a beam 10? by 10?, and a switched- 
load radiometer with traveling-wave- 
maser preamplifier were used to ob- 
serve the 21-cm spectrum of the Virgo 
cluster of galaxies. An upper limit to 
the antenna temperature is 0.024?K 
relative to regions outside the cluster 
with filters whose width is 2 Mc/sec. 
If the excitation temperature of the in- 
tergalactic hydrogen is enough greater 
than the background continuum radia- 
tion so that absorption can be ignored, 
and if the velocity spectrum is that de- 
fined by the galaxies, the density of 
optically thin neutral hydrogen in the 
cluster does not exceed that outside of 
the cluster by an amount that gives 5.6 
X 1012 solar masses in the cluster. 

Whether or not clusters of galaxies 
contain large masses of intergalactic 
material is an open question. See, for 
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