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A survey has shown that light emission from low-energy (<1 keV) ion-molecule reactions is

a common occurrence.

NO, N;0, COy, CHy, and CyHy; in addition, He, Ne, and Kr were used as N,*targets.

Ar* and Np* were used with target gases of Ar, Hy, Dy, CO, Ny, O,

Elec-

tronically excited states were produced by charge transfer and ionization with simultaneous
excitation, conversion of translational to electronic energy of the incident ion or target, and

dissociation with simultaneous excitation.
these reactions was seen.

For several collision partners, more than one of
In general, charge-transfer reactions had the largest cross sec-

tions, to 2x 10718 em?, for ion laboratory energies of several hundred eV. Cross sections for
the strongest features in the other types of reactions were about (1—5) x 10~17 ¢cm?.

INTRODUCTION

One of the principal energy-loss mechanisms of
heavy particles passing through matter is the exci-
tation of atomic and molecular states. Presently,
however, only a small amount of experimental in-
formation on excitation produced by low-energy
(<1 keV) ion-molecule reactions has been obtained
from ion-beam studies.!~!® Therefore, a survey
has been made at energies below 1 keV to find (i)
which ion-target combinations lead to photon emis-
sion, (ii) what types of reactions lead to excited
states, and (iii) cross sections for these reactions.

Ar* and N,* were the ions used. Target gases
for both ions included Ar, H,;, D,, CO, N,, O, NO,
N,O, CO,, CH,, and C,H,; in addition, He, Ne, and
Kr were used as N,* targets.

APPARATUS

The electron impact ion source and lens system
used were previously developed by Utterback and
Miller.!® The gas to be ionized (G,;, Fig. 1) entered
through the anode and was kept at pressures (P;) of
approximately 0.05 Torr. To help keep the ion
source free from contamination, the gas to be ion-
ized was passed through a liquid-nitrogen trap.
20-40-eV electrons were used to produce N," beams,
while 28—-40-eV electrons were used to produce Ar*
beams.

Ions were extracted through a 0.25~-mm hole into
an electrostatic lens system. The final energy of
the beam was determined by the third lens at the
end of the gun. As ions left the gun, they passed
through two sets of mutually perpendicular parallel-
plate capacitors which were used to make small
adjustments in the final beam direction.

The target chamber consisted of a quartz cylinder
with a length of 32 mm, inner diameter of 30 mm,
and walls of 1.8 mm sandwiched between two metal
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plates. The ion beam entered this chamber through
a hole in the top plate 2.5 mm in diameter and 6. 35
mm long. That portion of the ion current which
entered the target chamber depended on the ion and
its final energy. At laboratory energies of several
hundred eV, the current into the target chamber for
both ions was approximately 0.1 yA, Target-cham-
ber currents were measured by grounding the top
plate of the target chamber and connecting the bot-
tom plate to a calibrated picoammeter.

Secondary electrons were 0.2 and 0. 15 of the mea-
sured beam current for ion energies of 880 and 740
eV, respectively. No corrections were made at
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FIG. 1. Ion gun and vacuum system. Gy, gas to be
ionized; P;, ion-source pressure monitor; Pg, reference
pressure for capacitance manometer; Pp, target-gas
pressure monitor; Gp, target-gas inlet.
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2 OPTICAL SPECTRA OBSERVED

energies below 600 eV. Because of the difficulty in
determining the secondary electron coefficients, the
error in the beam current measurement may be as
much as 10-15% at the high beam energies. It is
probably less than 5% for ion energies below 300 eV.

The fact that significant changes were observed
in the cross sections for some of the reactions when
theion energy was changed by a few eV indicated
that the energy half-width of the ion beam was a
few eV or less. This is consistent with the mea-
surement of an ion energy spread in this type of
ion gun of 0.5 eV for 35-eV N,*.!° The ion beam
was not magnetically analyzed because the previous
work of Utterback? had shown the amount of ion-
beam contamination to be small; N, and Ar used in
the ion source were quoted to be 99.99% N, and
99.999% Ar by the vendor.

Target gases (G, Fig. 1) were introduced into
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the target chamber through a hole in the bottom
plate. The other connection in the bottom plate led
to an absolute capacitance manometer which was
used to measure the target pressure (P;). For a
relatively high target-chamber pressure of 10~2
Torr, the pressure in the volume surrounding the
target chamber was 10~* Torr, while that in the
ion-gun region was 10~° Torr.

Light emitted from the reaction region passed
through a quartz port where it was collected by a
lens and focused on the entrance slit of an /6.8,
2_m, Czerny-Turner scanning grating monochromator
capable of 0.1-A resolution. The wavelength read-
out of the spectrometer was calibrated to within
+1 A over the spectral region covered in the scans.
Unfortunately, because of a small variation in the
spectrometer’s scan speed and the low resolution,
uncertainties in measured wavelengths were some-

TABLE I. Observed spectra between 2500 and 5500 A. Cross sections o measured at 900 eV.

N,* Ar*
Target Spectral system o (1078 cm?) Spectral system o (1078 cm?)
H, N, Biz;-x?s} 20 H Balmer 1
H Balmer 2
D, N,* B3 -X?z} 20 D Balmer 2
D Balmer 2
co co*  AM,-x%x* 210 co*  AM-x?z* 150
N, B'z;-X’%} 10
N, N, B 22;—X"’z{f' 40 N Bizi-x’s} 20
N1 3s2P-3P’’D(?) N, C3Mm,~-B%1,(?)
N, Cn,~B%m,(?) Arr  (?)
0, N,* Biz;-xz} 15 O1 3%50-43p(?)
o1 3550—45p 1
Or 3%80-43p 1
NO-N,0 N,0* A 2zt-Xu, 100 N,0* A X0 50
Ny* Bz _xz} 10
CO, co,”  A’m,-X’m, 120 co,* Am,-Xm, 15
co,'  Bizi-Xui, 6 CO,t Bzi-Xm 2
N, B2zi-Xx}(?) * ¢
CH, N,* Bz, -x%x} 10 CH A?A-xuM 4
CH AA-X? 6 H Balmer 4
H Balmer ) ) CH B’z -x 1
CH Bz —xM 1
N, C31,-B 311,(?)
C,H, CH A’A-X1 15 CH AA-X°n 20
CH Blz--x1 4 CH B -xu 5
H Balmer 1 H Balmer 2
C, Adm,—x°m, 1
Ny* Bzl x?s}
N, C3,~B3M,(?)
Cy c 'Tg=b M1, (?)
He N,* Blzi-xx} 30
Ne N,* Bzi-x?5} 20
N1 3s2P-3P’*D’(?)
Ar \P B?z;-x%z} 30 Ari
Arx Arir
Kr Ny* Bizi-x?z} 40
Kr1
Krix } 4
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Ny+C,H, 840ev CH AA-Xn
H H .
Y B FIG. 2. 5-A resolution spectra
observed when CyH; and a NO~-N,O
b mixture were bombarded by 840~ and
o 930-eV Np*. In the CyH, spectrum,

* o [ N0 (45%)
N+ (o s S0
10 00 o/ 02 NO" A%S- X4,
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times as high as +5 A. Spectra were obtained with
a photomultiplier—dc-amplifier-pen-recorder com-
bination. After the spectra were recorded, the
spectrometer—collecting-lens combination was cal-
ibrated with a quartz-iodine standard lamp.

SPECTROSCOPIC OBSERVATIONS

Photon emission in the visible and near-ultra-
violet regions of the spectrum was found to be a
common occurrence for ion-molecule reactions be-
low 1 keV. Only in the reactions Ar*+0, and NO,
and possibly N,*+NO, was the emitted light too weak
to analyze. The results of the reaction N;*+NO
were ambiguous because the NO cylinder used was
found to contain approximately 45% N,O.

Several different types of reactions have been
found which lead to electronically, vibrationally,
and rotationally excited states: Charge transfer
can lead directly to excited states of the target, dis-
sociation with simultaneous excitation may occur,
and translational energy can be converted to elec-
tronic energy of the target or projectile molecule.
At higher energies, part of the light emission in
reactions which have been identified as charge trans-

the unlabeled feature at 4700 A is due
to C, and the feature at 3914 A super-
imposed on the CH transition as well
as most of the weak feature between
3500 and 3600 A are due to the Ny*
first-negative system.

+ oot 2t
N, B Z,~X"Zq

fer with simultaneous excitation could have been due
to ionization with excitation. Because chargetrans-
fer would require less energy than ionization, it
seems reasonable to assume that the majority of
the light was from charge-transfer reactions. How-
ever, as will be discussed later, it was found that
relative intensities of spectral features observed
for a given reaction could not be estimated from

the relative amounts of energy required to produce
the features.

Principal spectra observed and the wavelength
region surveyed for each reaction are summarized
in Table I. Tentative identifications are indicated
by a question mark. Table I also contains approxi-
mate cross sections for production of that portion
of the spectral system which falls in the wavelength
region surveyed, for each reaction where a mean-
ingful estimate of this cross section could be made.
Spectra used for these estimates were obtained
using ions with a laboratory energy of 900 eV, In
many cases, these estimates probably are accurate
only to a factor of 2 or 3, but some cross sections
were measured to within 50% Examples of observed
spectra are shown in Figs. 2-5.
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Since previous observers®:?:+# have found that
polarized light is emitted during some ion-molecule
reactions, a preliminary check of polarization char-
acteristics of the emitted radiation for two of the
reactions was made. The 0,1 band of the N,* first-
negative system at 4278 A from the reaction
N,*+N,, and the CH-4300-A system from the re-
action N,*+C,H, were checked for an N,*laboratory
energy of 900 eV. In these two reactions the emitted
light was found to be either unpolarized or slightly
polarized parallel to the ion beam.

Usually an electron accelerating voltage of at

N, + CO, 880eV

, o o
CO, A 2M,~X %M,

+ ot O
Co, B2, X%,

I
3000
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FIG. 3. 10-A resolution
spectra of the Ny* first-
negative system and the D
Balmer series observed
when Dy at 0.004 and 0.008
Torr was bombarded by
880-eV Ny*.

least 28 V was required to produce strong N,* or
Ar*beams. Other workers, # using an ion gun sim-
ilar to the one used here, have found evidence for
the existence of long-lived excited N,* ions in the
beam when the electron bombarding energy was
above 22 eV. Therefore, an attempt was made to
determine what effect ions in metastable electronic
states had on the observed spectra by comparing
spectra obtained with N,* beams produced by 20- and
and 40-eV electrons and Ar* beams produced by 28-
and 40-eV electrons. The reactions for which this
was done were N,* colliding with He, H,, N,, CO,

FIG. 4. 20-A reso-
lution spectrum of the
€O, A%M,~X 1, and
B 2Z),}“--XZHA, transitions
observed when CO, was
bombarded by 880-eV
N,*. The peak at 3910 A
is the 0, 0 band of the

Np*B¥2;-X%5} transition.



1828

Ar'+CH, 880eV
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Ar*+CH, 880eV
0.003 Torr

N;+CH, 880eV
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and CpH,; and Ar* colliding with D, at several cen-
ter-of-mass energies. In some cases, thereactions
involving the beams formed by the low-energy
electrons appeared a few percent brighter. There-
fore, it appears that long-lived excited N,* ions had
little, if any, effect on the observed spectra at rel-
atively large center-of-mass energies. In contrast,
some preliminary phototube measurements of the
total light emitted between 3000 and 6000 A for the
reactions Ar* and N,* with C,H, indicated that, for
center-of-mass energies of a few eV, reactions with
jons produced by the 40-eV electrons had about four
times and two times as much light for the Ar* and
N,* reactions, respectively, than reactions using

Do
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FIG. 5. 10-A resolution spectra
showing the CH A ?A-X2II transition,
the CH B22™—X 11 transition and the
H Balmer series observed when
880-eV Ny*and Ar* bombarded CH,

" at various pressures. In the Ny*
reactions, the Ny* first-negative
system was also observed.

ions produced by low-energy electrons.
CROSS SECTIONS

Cross sections measured in these experiments
were those for the production of various spectral
features, suchasa vibrationalband, spectral line,
or vibrational band sequence. Cross sections for
a complete spectral system, such as the CO*
comet-tail bands, could then be obtained by summing
the cross sections for all spectral features in that
system. If there were no higher-lying excited states
which cascaded into the electronic state from which
the spectral system under study originated, and no
other mechanism by which this excited state could
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decay, the cross section for formation of the spectral
system would be the same as the cross section for
formation of the excited state.

If a beam of I particles per second is incident
normally on a semi-infinite medium containing »
stationary target particles per cm® the number of
photons dN per second produced at a depth x as the
beam travels a distance dx through the target gas
is given by the equation

dN =0l exp — 0 pnx dx, (1)

where o, is the cross section for the reaction lead-
ing to photon emission and o, is the sum of the
cross sections for all processes which remove ions
from the beam. The total number N of photons pro-
duced in a second as the beam penetrates the target
material to a depth L is therefore given by the equa-
tion

N=0,I)[1-exp(-o,nL)]/oy. (2)

If “thin-target” or “single-collision” conditions
exist, i.e., if the product o,%#L <1, the exponential
can be expanded in a series and we have

N=o,IynL. (3)

As long as thin-target conditions prevail, Eq. (3) is
valid, and the number of photons emitted increases
linearly with pressure. It should be noted that if

10°'6

CROSS SECTION, cm?
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thin-target conditions are not maintained, the num-

ber of photons produced in secondary collisions may
become comparable to the number produced in pri-

mary collisions.

To determine 0,, the quantities N, I, n, and L had
to be measured. L was determined from the length
of the slit which was illuminated, I from the ion
current measured when the target pressure was
zero, and n from the target pressure. N, the num-
ber of photons emitted per second at a given wave-
length, was determined by comparing spectra of
light from the reaction region with spectra of a
calibrated source.

The cross sections for production of extensive
band systems, e.g., the CO* comet-tail system,
were determined by summing the cross sections
which had been calculated for each individual band.
Because of the wavelength response characteristics
of the spectrometer, some CO* vibrational bands
were not observed which originated from vibrational
levels for which other bands were observed. A 15%
increase in the cross-section measurements was
made to correct for strong unobserved bands (0, 2;
0,3 1,2; 2,3; 2,4; and 3, 5) using the transition
probabilities calculated by Jain and Sahni. 24

Since, at low beam energies, it was difficult to
obtain resolved spectra because of decreasing beam
currents and cross sections, either a bare phototube

FIG. 6, Cross sections as a func-
tion of N,* laboratory energy for the
production of the N,* B3} -X %2} transi-
tion in the reaction N," + N, (phototube,O;
spectrometer, @ ) and the CO,* A 21~
XM, transition in the reaction N,*
+CO, (phototube, A; spectrometer,
4). Cross sections as a function of
Ny' laboratory energy for the produc-
tion of the N,* B2 j—X 2} 0,0 band
(4@ ) are shown and compared to the
results of Neff and Carleton (Refs. 1,
16) (8@ ) and Doering (Ref. 25) ((J,
original; @ , corrected).

100
ION LABORATORY ENERGY, eV
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or a phototube in combination with a narrow-band in-
terference filter was used to detect the emitted light
used in the cross-section measurements. Because
of its simplicity, this technique also was used at
high energies. In addition, lower target pressures
could be used for the phototube measurements, in-
creasing the validity of the thin-target approximation.
Most of the phototube data were obtained with target
pressures between (4-6)x10* Torr. Target
pressures used for the spectrometer measurements
ranged from (1.5-2.5)x10% Torr. Phototube
cross sections were normalized to cross sections
measured using the integrated intensity of the re-
solved band system. An interference filter with a
peak transmission at 4280 A and a half-width of 200
A was used for the CH-4300-A system.

It was thus tacitly assumed that the relative in-
tensities of the various bands of the electronic tran-
sition either changed very little over the energy
range for which the bare phototube measurements
were made, or the response of the phototube was
fairly flat over the region where there were changes
in relative intensity. Large changes in the relative
intensities of the vibrational bands of the N,* first-
negative system excited in the reaction N, + N,

were observed when the energy of the incident N,"
was changed. These changes in relative intensity,
coupled with the fact that the quantum efficiency of
the phototube used in the bare phototube measure-
ments varied over the wavelength region in which
the N,* first-negative system was observed, prob-
ably account for some of the deviation between the
cross sections determined by these two methods
(Fig. 6).

Deviations between the cross sections determined
by the two methods also would have occurred if the
relative intensities of the spectral features of inter-
est and other spectral features in the wavelength re-
gion for which the phototube was sensitive changed
from the values they had at the energy where the
phototube cross sections were normalized. This,
too, was a problem in the N,* + N, reaction. At
880 eV, about 20% of the photons emitted between
3000 and 5000 A in this reaction were not from the
N,* first-negative system. The fraction increased
to 30% when the energy of the incident N,* was re-
duced to 255 eV. Because of these two possibili-
ties for deviations between the cross sections de-
termined by the two methods in the N," + N, reac-
tion, when there was a choice the curve was drawn
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FIG. 8. Cross sections as a func-
tion of ion laboratory energy for pro-
duction of the CH A2A-X %I transition
in the reactions Ar*+C,H, (phototube,
O; spectrometer, @) and Ny* + C,H,
(phototube, A ; different spectrometer
calibrations 4 , ). Threshold labo-
ratory energies for production of the
CH A’A state in the N,* +C,H, and Ar*
+CyH, reactions are designated by Ty
and T,, respectively.
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through the points determined using the integrated
intensity instead of averaging in the phototube cross
sections.

To check the accuracy of the techniques used, the
cross section for production of the 0, 0 band (3914
fo\) of the N," first-negative system in the reaction
N,* + N, was measured and compared to the values
published by Neff and Carleton,'*¢ and Doering® (Fig.
6). Onlythe area of the 0,0 sequence from the edge of
the 0,0 bandtothe edge of the 1,1 band  was used in
the calculation of the cross sections for production
of the N,*~3914-A band shown in Fig. 6 because this
most closely matched the techniques described by
Doering® and Neff.' Had light from the entire Av
=0 sequence been used, the calculated cross sec-
tions would have been 1.5 times as large.

Doering calibrated his apparatus by observing the
N,'-3914-A emission from the bombardment of N,
by 180-eV electrons. He took the cross section for
this reaction to be 5.3x10"'® cm? based on the
work of Stewart, % and that of Sheridan, Oldenberg
and Carleton. 2" Recent work?®~3! has shown that the
cross section for this reaction is 1.4 x 10~ cm?
Therefore, the cross-section values published by
Doering should be multiplied by a factor of 2. 6 to
make them consistent with the best cross-section
data for electron excitation. This corrected cross
section also is shown in Fig. 6.

Neff! determined his absolute-emission cross sec-
tions by extrapolating the results of Sluyters and
Kistemaker®® and adjusting the relative cross sec-
tions for other processes to conform to these values.
He also made a direct measurement of the absolute-
emission cross section for production of the 0, 0
band of the N,* first-negative system in the reaction
N," + N,. The directly measured cross section was
30% higher than the cross section obtained indirectly.
Neff felt that his cross-section measurements were
accurate to within 50% and were probably on the low
side.

In this work, the measurements of pressure and
path length observed were probably accurate to
+5%.'® Error in the beam-current measurement
may have been as much as 10-15% at high beam en-
ergies, but was probably less than 5% for ion en-
ergies below 300 eV. The over-all accuracy of the
final calibration of the spectometer was estimated
to be £30%. Thus, the final cross-section mea-
surements should have been accurate to £50%.

Since Neff believed that his values were low, his own
work indicating 30% low, the disagreement between
the cross sections for production of the 0,0 band of
the N, first-negative system measured here and those
measured previously is not unreasonable. Figure

6 also shows cross sections, asafunction of energy,
for production of the entire N;* B 2% ;-X 23 ! system.
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D 930ev

FIG. 9. Relative intensities
of the H Balmer 8 lines as a
function of target pressure for
the reactions Ny* +D, (930 eV,
A; 470 eV, B) and N, +H, (470
eV, 0), and relative intensity
ofthe N,* B?=}-X%2} 0, 0 band as
a function of H, pressure for the
reaction Ny' +H, (930 eV, A).
The relative intensity of one
curve with respect to another is
not significant.

0 0.005
TARGET PRESSURE , Torr

Cross sections as a function of energy for pro-
duction of the CO," A ®Il,-X %I, system in the reac-
tion N,* + CO, (Fig. 6), the CO* A 2II,-X 23" sys-
tem in the reactions N," and Ar* + CO (Fig. 7), and
the CH A 2A-X 2] system in the reactions N, and
Ar® + C,H, (Fig. 8) also were measured. Additional
cross sections given in Table I were obtained by vi-
sual estimates of spectra obtained with 900-eV
beams. The phototube measurements (&) for the
reaction N,* + C,H, (Fig. 8) were normalized to the
cross-section measurements obtained using the
spectrometer (a) by extrapolating the spectrometer
measurements. To obtain an indication of the va-

RELATIVE INTENSITY
I
T

0.010

lidity of this extrapolation, cross sections obtained
using the initial calibration of the apparatus (®)
were plotted even though the accuracy was not as
high.

From Figs. 6-8, it can be seen that the cross
sections generally decreased with decreasing en-
ergy below 1000 eV, but that this decrease was not
uniform. Plateaus were observed in the cross-sec-
tion-versus—energy curve for three of the six re-
actions. Part of the reason for the plateau in the
N," + N, cross-section curve (Fig. 6) is that the in-
tensity of spectral features other than the N," first-
negative system increased as the energy of the in-

D FIG. 10. Relative intensities of the
H Balmer B lines as a function of tar-
get pressure for the reactions Ar*
+H, (930 eV, A) and Ar* +D, (470 eV,
B ). The relative intensity of one
curve with respect to another is not
significant.

0 1 1 1 1 | 1 1 1 1 | Il 1 1 1l

0.010 0.015
TARGET PRESSURE , Torr
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cident N," decreased, compensating for the de-
crease in the N," emission. Cross sections for the
production of some weak unidentified features in the
reactions Ar* and N,* + O,, N,* + He and N,* + CH,
also increased as the ion energy was decreased.
Other observers®® have noted local maxima in cross
sections for other reactions in this energy range.
One of the most interesting features of the cross-
section curves was the rapid rise in the cross sec-
tion with increasing ion energy after the threshold
energy had been reached.

It was found that the relative intensities of spec-
tral features observed for a given reaction could
not be estimated from the relative amounts of en-
ergy required to produce the features. In many re-
actions where N, was the incident ion, the N," first-
negative system was the dominant spectral system
(e.g., the N,"-rare-gas reactions). However, in
other reactions (e.g., N,*+ C,H,) the N,' first-nega-
tive system was much weaker than spectral systems
which required much more energy for their produc-
tion.

Because an adequate theoretical description of the
excitation processes studied here does not exist,
there are no theoretical predictions with which a
quantitative comparison of the measured cross sec-
tions can be made.

PRESSURE DEPENDENCE

In order to obtain more information about the ex-
citation mechanism and other processes taking place
in the target chamber, the light intensity as a func-
tion of target pressure was measured. From this
type of measurement, it was possible to determine
at what pressures deviations from the thin-target
approximation became important for a given set of
collision partners. Also, an indication of the im-
portance of collisional deexcitation could be obtained
by noting at what pressure the intensity of the
emitted light started to decrease with increasing
pressure.

The intensity of the N," emission from the reac-
tions N,* + H, and N, + D, increased linearly at
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first, gradually reached a maximum, and then de-
clined as the target pressure was increased (Fig. 9).
In contrast, the intensity of the H Balmer lines in
the same reactions increased at a rate which was
greater than linear but not quadratic at low pres-
sures, and tended toward a linear increase with in-
creasing target pressures at high pressures.
Therefore, the Balmer emission from the reactions
N;* + Hy and N," + D, not only behaved much differ-
ently from the N,* emission when the pressure was
changed, but also much differently from the Balmer
emission in the reactions Ar* + H, and Ar* + D, (Fig.
10). Since the variation in hydrogen intensity with
pressure changes was less than quadratic but great-
er than linear, there may have been two different
processes which led to excited hydrogen atoms. One
process could involve a direct interaction of the ion
beam with the target, as was the case in the Ar* + H,
and Ar” + D, reactions, while the other could in-
volve an interaction of the target with an electron or
atom formed in a previous ion-target collision.
Because of the different pressure dependence of
the N, and H (D) emission in the reaction N,* + H,
(D,), the relative intensities of the N3 and H (D)
emission varied with the H, (D,) target pressure
(Fig. 3). The relative intensity of the CH and H
emission in the reaction Ar* + CH, (Fig. 5), the CH,
H, and N," emission in the reaction N,* + CH, (Fig.
5), and the Ar and N,* emission in the reaction N,*
+ Ar also were found to vary with the pressure of the
target. Detailed studies of this type were not made
for other reactions. Differences in the intensity
variation with pressure of the different species ex-
cited in a given reaction could be due to differences
in the importance of collisional deexcitation for the
species as well as differences in their formation
mechanism. If one of the excited species had a
lower collision rate, and/or shorter lifetime, or
just a lower efficiency for converting electronic
into kinetic energy during the collision, its inten-
sity would increase relative to that of the other
species, even if there were no differences in the
formation mechanisms of the various excited
species.
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The mean excitation potential of liquid hydrogen has been determined to be 20.4+0.9 eV.
This value was obtained from measurement in a hydrogen bubble chamber of (i) the range of
monoenergetic muons and (ii) the range and momentum of protons which stop in the chamber.

I. INTRODUCTION

The study of penetration of charged particles in
matter has been of interest since the earliest ex-
periments in nuclear physics. Such studies have
intrinsic physics interest and in addition precise
information on the range-energy relation can be
used in the measurement of fundamental quantities
such as particle masses. !

In the present experiment we have obtained
accurate data in the Argonne National Laboratory-
Midwestern Universities Research Association
30-in. hydrogen bubble chamber on the range of
monoenergetic u* mesons which result from the
decay 7"~ u*+p,. We have also used measure-
ments in the same chamber of the elastic reaction

p+p=p+p, (1

with the outgoing proton stopping in the chamber.
The pp measurements were made on POLLY,?

which is a cathode-ray tube device at Argonne

which scans and precisely measures bubble-chamber

film.

The density of H, in the bubble chamber was
deduced from the operating conditions and was
combined with the muon length measurement and
the proton measurements to give a best estimate of
I, the mean excitation energy in the Bethe-Bloch
equation. 3

II. THEORY

A basic expression for energy loss per unit path
length of a charged particle in passing through
matter is given by the Bethe-Bloch equation

OE  2m2%*NZ 1n 2me ‘r’zﬂzQ
T 89X mc3pPA

0 ),

where @ ., is the maximum energy that can be
transferred per collision and is given by

Qmax= 2mc2y2P%/[1 + (2ym/M) + (m/M)?] .
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