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An experiment is described for observing the 1 + 2 and 1 -+ 3 photoresonance transitions in the 
spectrum of electrons over a solid hydrogen surface. The transition frequency is found to 
depend strongly on the pressure of the hydrogen vapor. If this dependence, which can be 
regarded as a manifestation of "quantum refraction" (multiple scattering), is interpreted on 
the basis of existing theory, the resulting scattering length for electron-H, scattering differs 
from the generally accepted value. In the limit of zero hydrogen vapor density, the measured 
frequency for the 1 +2 transition is found to be 3.15 + 0.05 THz. This yields an estimate 
3.5 + 0.3 eV for the height of the potential barrier for electrons above a solid hydrogen surface. 

Most of the experimental and theoretical work on elec- 
tron states over dielectric surfaces has been done for the case 
of liquid helium,' and relatively little is known for other die- 
lectrics. In the simplest model, the interaction potential4 for 
an electron interacting with the dielectric surface depends 
only on the electrostatic images forces and on the external 
electric field 8, which is normal to the surface and is neces- 
sary experimentally in order to confine the electrons near the 
surface: 

and the electron spectrum was perturbed by changing the 
confining field F!? . 

As expected, the above simple model gives much poorer 
results for hydrogen than for helium. In addition, the energy 
levels were observed to depend strongly on the hydrogen 
vapor pressure. This dependence may be attributed qualita- 
tively to "quantum refraction"(multip1e ~ca t t e r i ng ) ,~ .~  an 
effect which has hitherto not been observed for two-dimen- 
sional electron systems. 

e2(e-I)  
v(z)= - + e 8 z  = - Qe' + e 8 z  for z>0, 

4 z ( e + l )  z 
EXPERIMENTAL APPARATUS 

. , 

c p ( ~ ) = V ,  for zGO. (1 The experimental chamber for growing the crystalline 
hydrogen specimen (Fig. 1) was a thin-walled (0.2 mm) 

Here E is the dielectric constant of the surface, e is the ele- stainless steel cylinder with a heavy copper cover ( 1 ) and a 
mentary charge, and thez axis is normal to the surface. Solv- copper ring, into which a 5-mm-thick single-crystal sapphire 
ing the Schrodinger equation with this potential and letting base (2)  of diameter 35 mm was cemented. Sapphire was 
V,,+ w , one obtains the electron energy spectrum used because of its extremely large thermal conductivity, 

which is comparable to that for high-quality copper at the 
Q2me4 E =-- PI? + eeP(z,) f -. experimental temperatures. The chamber was placed inside 
2A2nZ 2m (2 )  an evacuated optical cryostat and thermally shielded from 

The first term in this expression gives the exact solution for 
F!? = 0, while the second term gives the first-order correction 
for a nonzero confining field. The average distance from the 
electrons in the nth energy level to the surface is 
(z, ) = 3n2fi2/(2me2Q). The last term in (2)  corresponds to 
free electron motion parallel to the surface. 

Similar electron states may exist over other (non-heli- 
um) dielectrics. Indeed, two-dimensional conduction was 
observed in Refs. 2 and 3, where the electron mobility was 
measured above liquid hydrogen, solid hydrogen, and solid 
neon surfaces. However, direct spectroscopic confirmation 
of a discrete electron spectrum above a dielectric surface has 
thus far been achieved only for helium. 

The electron spectrum over a hydrogen surface is of 
particular interest, since it has been suggested by Kha%in4 
that massive negative hydrogen ions may be present in the 
interstellar medium. 

In this paper we report the observation of resonant light 
absorption involving the 1 -2 and 1 -+ 3 spectral transitions 
for electrons confined over a solid hydrogen surface. The 
spectroscopic measurements were carried out at wave- 
lengths 79,84.3, and 107.7pm by using a water-vapor laser, FIG. 1. Sketch of the optical cryostat. 
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the warm outer walls of the cryostat by two copper screens 
connected to nitrogen and helium reservoirs, respectively. 

The chamber was equipped with disk-shaped single- 
crystal quartz optical windows 11 mm in diameter and 0.5 
mm thick. The windows were vacuum-sealed by using sty- 
cast-1266 cement to glue them into thin-walled ( -0.1 mm) 
cylindrical mountings soldered into the chamber walls. The 
cold windows in the nitrogen screen were made from 2-mm- 
thick sapphire single crystal, while 1-mm-thick single-crys- 
tal quartz was used for the warm vacuum windows. 

The chamber cover was attached to the helium reser- 
voir of the cryostat by means of an automatic thermal switch 
3 (Fig. 1) consisting of three coaxial copper cylinders 
housed in a thin-walled hermetic stainless steel shell. The 
spacing between the cylinders was equal to 0.75 mm, and the 
heat-exchanging area was 21 cm2. The inner cavity of the 
switch was filled with brand CaX zeolyte, and the switch was 
filled with the heat-exchanging gas (hydrogen) to a pressure 
of several torr at room temperature. When the chamber 
cooled down almost to the triple-point temperature for hy- 
drogen, the hydrogen in the switch froze out and there was 
no further heat transfer (the switch turned off). During the 
remainder of the cooling process, the chamber exchanged 
heat with the helium reservoir only through its base, by 
means of a copper heat-exchanger 4 (20 cm long, 2.2 mm2 
cross section; Fig. 1 ). A constantan coil wound around the 
base ring regulated the temperature in the chamber. 

We used technical-grade hydrogen in the experiments, 
which was purified by passage through a carbon adsorber 
(cooled to liquid nitrogen temperatures) and stored in a 6- 
liter metal booster tank. The latter was connected to the 
cryostat by a sylphon bellows, in which the pressure was 
measured by an MAS-31 vacuum meter to within + 1 torr. 
Hydrogen was supplied to the cryostat by a thin-walled 
stainless steel tube in good thermal contact with the nitrogen 
reservoir of the cryostat. After the hydrogen crystallized in 
the chamber, the flow of gas in the tube was small enough so 
that the pressure difference between its ends was negligible. 

Two electrodes 5 (Fig. 1 ) produced the uniform elec- 
tric field used to confine the electrons over the hydrogen 
surface. The upper electrode (2.3 mm above the sapphire 
base) was grounded and in electrical contact with the 
chamber. The lower (aluminum) electrode was deposited 
on the sapphire by vacuum sputtering. A high voltage adjus- 
table from 0 to 4 kV was fed to the lower electrode through 
two leads imbedded in the sapphire. 

The measurements were made by slightly modulating 
the potential of the lower electrode at 8 kHz. The modula- 
tion signal reached the electrode through an isolating trans- 
former. 

The experimental configuration required that the upper 
electrode be transparent to the laser radiation probing the 
crystalline hydrogen surface. We therefore employed a grid 
electrode (grid period 0.5 mm) consisting of parallel copper 
wires of diameter 50pm mounted on a ring-shaped frame. A 
calculation showed that the field was uniform to within 
0.1% halfway between the electrodes (i.e., at the hydrogen 
surface). The electrodes were 30 mm in diameter and were 
large enough so that the fringe fields could be neglected near 
the center of the laser-probed hydrogen surface. 

The electrons injected toward the hydrogen surface 
were produced by a tungsten wire 10 p m  in diameter and 2 

mm long, which served as the thermal emitter 6 (Fig. 1 ) and 
was located immediately above the upper grid electrode to 
one side of the probing laser beam. The emitter was heated 
by a single voltage pulse of duration -0.1 s from a manually 
operated generator. 

The electron spectra over the hydrogen surface were 
analyzed by using a gas-discharge water-vapor laser operat- 
ing at the wavelengths 78.4,79.1, 118.6pm (H,O) and 84.3, 
107.7,um (D,O). By tuning the laser cavity we were able to 
achieve both single- and multi-frequency lasing at these 
wavelengths. The laser radiation was linearly polarized by 
inserting a horizontal copper wire of diameter 20pm into the 
cavity. The noise component of the laser output was de- 
creased to 0.05% by optimizing the composition of the 
H,O + H, + He or D 2 0  + D, + He gas mixtures. The laser 
radiation was modulated at acoustic frequencies (modula- 
tion factor m = 0.01-5%) by modulating the discharge cur- 
rent. This enabled us to calibrate the sensitivity of the mea- 
suring system. The apparatus and methods for monitoring 
the laser radiation are described in detail in Refs. 7 and 8. 

The probing laser beam was focused and deflected by 
two polyethylene lenses (on- and off-axis, with focal lengths 
29 cm and 10 cm, respectively). Because polyethylene has 
negligible dispersion at the experimental wavelengths, the 
lens system was achromatic and could be used at any of the 
laser wavelengths without further adjustment. The radiation 
reflected by the hydrogen surface entered a metal guide 7 
(Fig. 1)  and was directed toward a Ge: B photodetector 
mounted on the copper wall of the helium reservoir of the 
cryostat. The signal from the photodetector passed through 
a source repeater and a pickup signal compensation circuit, 
reached a narrow-band amplifier, and was detected by an 
SD-1 synchronous detector with a time constant of 1 s (Fig. 
2).  

The voltage sinewave used to modulate the external 
field at 8 kHz also served as the reference signal for the syn- 
chronous detector, whose output voltage was fed to the Y 
input of an X,  Y plotter equipped with two recording pens. 
The X input received the dc component of the signal from a 
high-resistance voltage divider shunting the lower electrode 
in the chamber. 

The entire system was tuned and calibrated by modulat- 
ing the laser radiation in phase with the potential of the low- 
er electrode. 

To determine whether electrons were present above the 
hydrogen surface, we separated the lower electrode into two 
unequal parts by making a gap of width 0.5 mm along a 
chord at a distance of 10 mm from the center of the electrode. 
The two parts thus formed were connected in parallel to a 
superconducting LC circuit. 

The resonance frequency of the LC circuit should be 
shifted and the Q-factor should drop when free electrons are 
present over the hydrogen surface near the gap. The compo- 
nents C, , R e ,  and C, in the electron detector circuit (Fig. 2)  
model the effects of the surface electrons. For the surface 
electron densities typical in our experiment, we get the esti- 
mates Ce - 1 pF and Re - 1 M a .  The Q-factor of the loaded 
circuit is given by 

where Qo and wo are the Q-factor and resonance frequency of 
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FIG. 2. Block diagram of the measurement system: VS, vol- 
tage source; AG, acoustic generator; SA, U2-8 selective am- 
plifier; SD, synchronous detector; PD, photodetector; PR, 
phase rotator; CS, laser current stabilizer. 

the circuit when no surface electrons are present. We see U (Section 1-2). The drop in the signal (Section 2-3) at the 
from (3)  that the sensitivity is greatest when woCe Re ~2 instant the tungsten thermal emitter began to supply elec- 
and increases with Ce/Co. We therefore selected an operat- trons testifies to the presence of free electrons above the sur- 
ing frequency of - 100 kHz. The resonant circuit was im- face. The bottom part of the curve (4-3-6-8) corresponds to 
mersed in a liquid-helium chamber and surrounded by a su- complete screening of the static field well above the crystal 
perconducting lead shield. The inductor Lo in the circuit surface by a charge of density 
consisted of 660 turns of niobium wire wound without using 
a core. Since the circuit was at the potential of the external u=-~U/4nh,  (4)  
confining field, the niobium coil was insulated by a Teflon 
spacer on which five turns of copper wire from the coupling 
coil were wound. A mica capacitor with Ce = 270 pF was 
used. The circuit Q (measured from the width of the reso- 
nance line) was Q o z  1000, and the natural frequency was 
Y, = 94 kHz. The input signal from a GZ- 102 oscillator was 
fed to the circuit through a capacitor C, = 620 pF. The out- 
put signal from the coupling coil passed through a narrow- 
band amplifier and was then detected and fed to the second 
( Y )  input of the plotter. The oscillation amplitude in the 
circuit was generally -0.5 V under our experimental condi- 
tions, and the amplitude of the rf electric field acting on the 
surface electrons was less than 2 V/cm. We verified that this 
field had no influence on the spectroscopic measurements 
even when the voltage across the circuit was increased 30- 
fold. 

As an illustration, Fig. 3 shows a trace of the signal from 
the detector when the voltage Uof the lower electrode in the 
chamber was scanned during the experiment. The successive 
changes are indicated by the arrows. When no free electrons 
were present near the surface, the signal was independent of 

---- ID: 
FIG. 3. Sample trace of signal from the electron detector recorded by 
scanning the voltage of the lower chamber electrode. The bottom portion 
6 3 - 6 8  of the curve corresponds to irreversible escape of electrons from 
the hydrogen crystal surface. The sections 3-5 and 6-7 correspond to a 
reversible redistribution of the electrons on the surface. 

where h is the thickness of the hydrogen crystal and E is its 
dielectric constant. Along this curve, the surface loses "ex- 
cess" free electrons irreversibly as U decreases. 

The behavior on Sections 3-5 and 6-7 is reversible as U 
changes, and the charge near the surface remains constant. 
The signal depends on U here because the surface charge 
redistributes itself reversibly, and the dependence becomes 
more pronounced as the sensitive gap of the detector moves 
closer to the edge of the base of the chamber. For each curve 
of the type 6-7, the surface charge density at the center was 
assumed to be equal to the value calculated by Eq. (4)  for U 
at the bifurcation point (point 6 ) .  

EXPERIMENT 

The hydrogen was crystallized from the liquid phase by 
cooling the base of the experimental chamber (the heater 
was turned off). The triple point for ordinary hydrogen lies 
at P = 54 torr and T = 14.0 K. After about 15 minutes, the 
solid/liquid interface floated to the top of the liquid and 
formed a mirror-like, meniscus-shaped surface. The solid 
hydrogen was optically transparent and probably consisted 
of several crystallites. During the remainder of the cooling 
process, the heater was turned on when the saturated vapor 
pressure decreased to 40 torr (which corresponds to 
T = 13.4 K)  and the pressure was stabilized for roughly 1.5 
h, during which time the meniscus disappeared and the sur- 
face of the crystal became smooth. We then applied a confin- 
ing potential of 1-4 kV to the lower chamber electrode and 
pulsed the thermal emitter once to generate a burst of elec- 
trons toward the surface. We found that when the electrons 
were injected at pressures below 30 torr the surface acquired 
a stable bound charge, probably due to the high drift velocity 
of the electrons leaving the emitter. A bound charge also 
formed after repeated electron injections, even at high gas 
pressures. The bound charge was measured by an electron 
detector at the end of each experiment by recording the po- 
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tential required to completely remove the free charge from 
the surface (point 8 in Fig. 3).  The bound charge, which can 
distort the field in the chamber, could be removed from the 
surface only by melting all the solid hydrogen in the 
chamber. In what foliows we will discuss only the results 
obtained when no bound charge was present on the surface 
(SO that points 1 and 8 coincided). 

There was no significant escape of electrons from the 
hydrogen crystal surface when the latter was slowly cooled 
or heated (at rates below 2 K/h).  More rapid temperature 
changes were accompanied by jumps in the signal from the 
electron detector which were associated with sudden leakage 
of electrons from the surface, probably due to cracking of the 
hydrogen crystal. 

The tunable laser source enabled us to observe the pho- 
toresonance of the surface electrons when the electron spec- 
trum was altered by changing the confining field 2?. The 
latter is expressible in terms of the potential of the lower 
electrode by the formula 

where d is the distance between the upper and lower elec- 
trode, uis the surface charge density, and no bound charge is 
present. We measured U for several values of a at photore- 
sonance and used the results to deduce both the thickness h 
of the solid hydrogen crystal and the strength g,,, of the 
confining field corresponding to resonance. This method 
was used to find $,,, for the 1 - 2 resonance at the wave- 
lengths 84.3 and 79,um, for which the surface charge density 
could be varied over wide limits. The thickness thus obtained 
was used to find $,,, for the other transitions. The calculat- 
ed values h agreed to within + 0.1 mm with the average 
thickness measured directly by means of a cathetometer. 

Figure 4 shows a typical experimental trace of the pho- 
toresonance signal at A = 84.3 pm. We recall that in order to 
increase the sensitivity to - 0.01 %, we measured the absorp- 
tion coefficient by recording a quantity which was propor- 
tional to the derivative of the absorption signal at the modu- 
lation frequency of the confining field. The traces show 
resonance transitions from the n =. 1 to the n = 2, 3 states. 
The electrons absorbed - of the incident resonant radi- 
ation for the 1 - 2  transition and - l op4  for the 1 -+ 3 transi- 
tion. The photoresonance signal amplitude depended linear- 
ly on the laser intensity and on the surface charge density. 

Figure 5 shows the results from a calibration experi- 

FIG. 5. Amplitude of the photoresonance signal (in arbitrary units) as a 
function of the orientation of the polarization vector for resonant, linearly 
polarized incident radiation. The signal is strongest when the polarization 
is perpendicular to the surface of the crystal. 

ment in which we studied the dependence of the photoreson- 
ance signal amplitude on the polarization of the incident 
resonant radiation. The absorption coefficient for polarized 
radiation was greatest when the E vector was perpendicular 
to the hydrogen surface; there was no absorption when E was 
parallel to the surface. This result demonstrates the two- 
dimensional nature of the electron motion above the surface. 

MEASUREMENTS 

Figures 6-8 present the principal results of the mea- 
surements. Figure 6 shows gre, for the 1 - 2 photoresonance 
transition as a function of the hydrogen vapor pressure over 
the solid surface for three laser wavelengths. We see that the 
experimental points lie on two curves, one of which is a re- 
plica of the other shifted along the vertical axis by an amount 
proportional to the laser frequency v,,. 

The curves v,, ( gre, ) and v,,  ( g,,, ) in Fig. 7 show the 
same measurements, supplemented by experimental data for 
the 1 -. 3 transitions. Only those points corresponding to 
P = 40 torr for the 1 - 2 and 1 - 3 transitions and P- 0 for 
the 1-2 transition are shown. The dashed lines show the 
position of the points corresponding to intermediate pres- 
sures. 

FIG. 4. Trace of the photoresonance signal recorded at /Z = 84.3 pm by 
scanning the potential of the lower electrode (hydrogen vapor pressure 40 
torr). The 1-2 and 1-3 resonance transitions are clearly visible. The 
trace for the 1-3 transition was recorded at 2.5 times the sensitivity for 
the 1 - 2 transition. 

u 
OO 20 40 P, torr 

FIG. 6.  Confining field I at resonance versus hydrogen vapor pressure 
for three laser wavelengths: a, 79; 0, 84.3; A, 107.7 pm. 
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v, THz A, urn 

FIG. 7. Transition frequencies in the electron spectrum as a function of 
the confining electric field: 0, values measured for the 1-2 and 1-3 
transitions, hydrogen pressure 40 torr; 0, values measured for the 1-2 
transition at zero pressure. 

Figure 8 plots the width Av of the resonance line for the 
1 + 2 transition as a function of the pressure P; Av was found 
by measuring the distance between the maximum and mini- 
mum of the photoresonance signal at /Z = 84 pm. The data 
from Fig. 7 have been used to express the frequency scale 
along the vertical axis in terms of $,,, . We see that the re- 
sults agree closely with the values found by measuring the rf 
mobility of electrons over solid hydrogen in Ref. 3. 

We conclude from an analysis of the curves in Figs. 6 
and 7 that (at least for the 1 - 2 transition) dv/d$,,, is inde- 
pendent of P. This fact can be used to extrapolate the photo- 
resonance frequencies to zero g by recording their depen- 
dence on P. On the other hand, Eq. (2)  shows that d ~ , , /  
d g  = e [  (z,) - (z,) ]/2di, whence the experimental values 
give (z,) - (z,) = 64 f 4 b;. A calculation based on the 
simplest model (Coulomb potential, hydrogen surface with 
an infinitely high barrier) gives the larger value 76 A. The 
corresponding experimental and calculated values for the 
1 + 3 transition are (z,) - (z,) = 160 f 20 and 202 b;, re- 
spectively. 

The transition frequency when 8' and P are equal to 
zero also differs greatly from the value calculated using the 
above model. The experimental frequency vI2(0) = 3.15 
f 0.05 THz is 25% higher than the calculated value 

v,,' (0)  = 2.52 THz. The results of similar measurements 
for electrons over ~e~ and He3 (Refs. 9, 10) can be closely 

Av, THz 

-1 

0 
0 20 *o P, torr 

FIG. 8. Width of the 1-2 resonance line at A = 84.3 p m  as a function of 
the hydrogen pressure (the dots show the linewidths at half-maximum, 
which are equal to 3''' times the distance between the extrema in the 
photoresonance signal). 

approximated by introducing the Rydberg correction 6; the 
energy spectrum is given by the formula 

where S is independent of n. We thus find that 
(v12(0) - vI2' (0) )/vI2' (0)  = - 7S/3. MeasurementsofS 
for He4 and He3 give - 0.022 and - 0.014, respectively, 
while for solid hydrogen we obtain S = - 0.11. 

The correction S can be calculated for more realistic 
model potentials which allow for the finiteness of the poten- 
tial barrier on the surface and truncate the Coulomb poten- 
tial at interatomic distances." For example, for the model 
potential 

cp (z) =-Qez/z for z2zfl ,  cp jz )  =-QeZ/z, for Ocz<zfl, 
cp(z)=V, for zGO 

one obtains 

wherea2 = fi2/(2mV0) anda* = a d Q  = 16.8 Ais theeffec- 
tive Bohr radius for an electron over a hydrogen surface. The 
barrier height is found to be 

If we take the cutoff parameter zo equal to one or two times 
the lattice constant for the hydrogen crystal we get 
V O z  3.5 f 0.3 eV, which agrees quite closely with the theo- 
retical value 3.3 eV in Ref. 12. The agreement between the 
calculated and measured barrier heights Vo for solid hydro- 
gen is an important result, because the measured height 
0.3 f 0.2 eV for liquid hydrogen was found in Ref. 13 to 
differ greatly from the calculated value 2.2 eV. 

For electrons over solid hydrogen the transition fre- 
quencies depend strongly on the hydrogen vapor pressure, 
and this is perhaps the most significant difference from the 
case of He4 or He3 surfaces. Figure 9 shows how the frequen- 
cy of the 1 + 2 photoresonance transition (extrapolated to 
zero confining field) depends on the density iV of H, in the 
vapor phase. The straightforward temperature-dependence 

FIG. 9. Frequency of the 1-2 transition, extrapolated to zero confining 
field, as a function of the density of H, vapor molecules. The values have 
been corrected for the temperature dependence of the dielectric constant 
for solid hydrogen. 
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of the density (and hence the dielectric constant of the solid 
hydrogen) has been eliminated in Fig. 9 by introducing a 
correction which reaches 6% near the triple point for hydro- 
gen. No correction is needed for the dielectric constant of the 
vapor over the solid hydrogen surface, since it was less than 
1.0004 and was essentially constant at the experimental 
pressures. 

At the triple point the average distance between the 
molecules in the vapor is =: 30 A, as compared with -- 100 A 
at hydrogen vapor pressure P = 1.S0 torr. For comparison, 
the simplest model gives (z , )  = 25 A and (z,) = 101 A for 
the average distance from the hydrogen surface to an elec- 
tron in the first and second states, respectively. It is clear 
that under our conditions, the range of vapor pressures was 
such that almost no vapor molecules were present between 
ground-state electrons and the crystal surface, while many 
such molecules were present for electrons in the n = 2 state. 
The de Broglie wavelength for electrons along the surface 
was =: 300 at these temperatures. 

A similar situation occurs in experiments on Rydberg 
atoms in a gas atmosphere14; the transition frequencies for 
the principal series with n k 20 are again found to be shifted. 
This shift, which is linear in the gas pressure, was explained 
by Fermi,5 whose theory is developed, e.g., in Ref. 15. This 
effect (now referred to as quantum refraction) was predict- 
ed in Ref. 6 for electrons localized over liquid helium, but no 
experimental observations were reported. 

According to the Fermi theory, the energy of an elec- 
tron localized in a state of characteristic radius r ) N  -'I3, 
where N is the density of gas molecules, is changed by an 
amount 

The constant a is called the scattering length and is equal to 
the negative of the real part of the amplitude for s-scattering 
of an electron by a molecule. There is no correction to the 
energy if r < ~  -'I3. 

On the basis of the foregoing discussion, we can ap- 
proximate the data in Fig. 9 by the formula 

For very low densities such that (z,) = 100 A<N -'I3, 
v,, (0)  should be independent of N.  However, our experi- 
ments failed to reveal such behavior. If our interpretation is 
correct, then the data imply that the scattering length for an 
electron by a hydrogen molecule is equal to 1.4 + 0.4 A. 
(The correction for the electric quagrupole moment of 
ortho-hydrogen lies within the + 0.4 A error.) 

The shift in the transition frequencies for the Rydberg 
atoms Na, Rb, and Cs in a hydrogen atmosphere was studied 
in Ref. 16, and the scattering length in this case was found to 
be positive: a = 0.54 h;. However, these measurements were 
carried out at T- 600 K, for which the molecular rotational 
states were highly excited and there was a large contribution 
from scattering involving states with nonzeropoments. 

The currently accepted value a = 0.67 A is found by 
extrapolating the measured cross section a for e-H, colli- 
sions to the limit of zero collision energy, for which one has 
a = 47ra2. However, a has been measured accurately only 
for energies above 20 meV (Ref. 17); a was found to have a 
Ramsauer-Townsend dip at 9 meV in Ref. 18, but the cor- 

rectness of these measurements is in doubt.I9 Such a dip 
should occur if our value for a is correct. 

The e-Hz collision cross section can be found indepen- 
dently from our data on the photoresonance linewidths Av 
by using a Lorentzian function to approximate the reso- 
nance curve. The collision energy - 1 meV in this case lies in 
the thermal range. The corresponding formula, with 
allowance for the two-dimensional nature of the thermal 
motion on the surface, is1 

where 

Substituting the values from Fig. 8, we find that la 1 = 1.3 h;, 
in good agreement with the value calculated from the shift in 
the photoresonance frequency due to quantum refraction. 
The available data on a do not suffice to determine the sign 
of the scattering length. 

We note in closing that quantum refraction may also be 
important for electrons localized over deuterium or neon 
surfaces. We hope that the experiments now in progress 
along these lines will clarify the underlying physics and ex- 
plain why our value our scattering length a differs from the 
generally accepted result. 

We are grateful to A. S. Borovik-Romanov for his inter- 
est in this work, to M. S. Khai)tin for suggesting that we 
study this problem, and to V. C.  Edel'man and E. P. Bashkin 
for helpful discussions. 
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