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STIMULATED EMISSION IN NEON-HELIUM
STREAMER CBAMBERS

Albert W. Stetz

lawrence Berkeley Laboratory
University of California
Berkeley, California

ABSTRACT

We are investigating the possibility of using
stimulated emission in the gas of a streamer chamber
to improve the quality of the image that is photographed.
The incremental gain from stimulated emission obtain-
able in a practical streamer chamber has been esti-
mated from some related experiments with pulsed lasers.
We have constructed a model of the dynamics of laser
beam formation in a streamer chamber and estimated
the light available for photography. Despite the
uncertainties in these estimates, the calculations
definitely suggest that a system in which the chamber
is "primed" by.an external light source would pro-
duce substantial gain in output light intensity
compared with the conventional streamer chamber. We
conclude with several suggestions for further research
in streamer chamber improvements based on laser
technology. '
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I. Introduction

There are striking similarities betweén‘the conventional
streamer chamber and the pulsed neon-helium lasef: The same gases are
used and at roughly the same pressure; the'samevatOmic ﬁrénsitions are
employed and they are excited by comparable electric fields. There is
an irresistible suggestion here to borrow some laser techniques in
order to improve‘the streamer chamber in those areas where it.is
weakest, the luminosity and resolution of the parficle tracks. This
paper explores the possibility of using stimulated emission in the
streamer chamber gas itself to improve the quality. of the image which
is photographed. We are encouraged at the start by the ease with
which pulsed He-Ne lasefs achieve enormous factors of gain in 1ight
intensity. In fact, most of the difficﬁlties with gas lasers are
specific to continuous operation and afe of no consequence to a pulsed
device. Moreover, our goals are modest. A heroié effort if‘reqpired
to build a conventional streamer chamber with marginally acceptable
resolution; if we could manage a gain of ten in light intensity with
stimulated emission this situation would chanée fundamentally-~the
streamer éhémber would become a practical device. Finally, if there
were light intensity to spare, one could open & new chapter in particle
detection devices by building a variable pressure streamer chamber.
The gas pressure in such a device would be édjﬁstéble'for optimum
ionization depsity measurements depending on the energy and the

reactions one wished to observe. This information together
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with the.curvature of the tracks in a magnetic field could clarify»
many otherwise ambiguous reactions. The applications of the variable
pressure streamer chamber to quark searches and'to cosmic fay physics
where‘moméntum analysis‘is impracticable are as exclting as they are
obvious. |

The sjecific scheme which we investigate involves putting an
ordinary streamer chamber in a Fabry -Perot cavity so that the discharge
along the particle track forms the active medium of a pulsed neon-
helium laser. The advantage'of this arrangement is one of light
collection efficiency. In a conventional streamer chamber installation

-6 of the total solid angle.

the camera lens subtends about 1072 to 10
.A laser beam, on the other hand, is attenuated by about lO'2 by the
semi—transparent mirrors but suffers no loss from solid angle. Thus
if one could force as little as l% of ordinary‘streamer light to
originate from stiumleted emission, the effective light output of the
chamber would be increased by at least an order of magnitude. The
possibility of doing this depends on a number of parameters which
have to be estimated from experience and theory of conventional lasers
and streamer chambers.

The next section reviews the theory and experimental data
pertinent to the deéign.of Ne-He lasers. In the following sections
we try to infer the incremental gain from stimulated emission

obtainable in & practical streamer chamber from some experiments with

pulsed lasers. Finally we construct a model of the dynamics of laser
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beém formation invé streamer chamber and estimate the_liéht aveilable
for photography. Our estimates are somewhat uncertain due to the |
difficulty in ¢omparihg the discharge conditionsvof the pulsed lasers
“to thbse'in streamer chambers, buf the caléulétions definitely
suggest tha£ a system in which the chamber is "primed" by an exterﬁal
source of laser light would produce substantisl éain‘in output iight
intensity compared with the conventional streamer chamber at the cost
of intrbducing a iuminous background on which the streamers would
appear. We conclude with several suggestions for further research

" in streamer chamber improvements based on laser technology.
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II. Theory of laser Operationl

A. Spontaneous and Induced Transitions

Consider the following simplified energy level diagram.

E

2
hv12

By

We imagine that El and E. are excited states of an isolated atomic

2
system such as a neon atom. Assuming that a radiative transition
between these two states is not forbidden by the laws of quantum
mechanics, there are three distinct ways this transition ﬁay ocecur:
| a) Absorption

An atom in state El aﬁsorbs a photoh of energy hv12 which
leaves 1t in state E2. Define the Einstein coefficient for absorp-
tion, B12’ by saying that W, the transition rate per unit time for
this process;_is given by

(1) W= By [ e () e () av

where.p(v) is energy densiﬁy_per unit frequency intervel of the pho-
top flux, and glz(v) is the normalized line shape function for the
fransition, i.e. g(v) dv 1s the probability thét a given transition
.~ will result in the absorption or emission of a photon with energy
between hv and h(v + dv). Of course

? g(v) dav = 1.
o
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Notice that W is a functional of p and g; e.g., if the
frequency spectrum of the incident photon flux does not overlap the

absorption spectrum then W = O. however, is a true constant

B12’
characteristic of the transition; its value mdst be determined
'exferimentally. Uhfortunétely, there are sevefal alternative defin-
itions of B with different dimensionality in the literatdre. As it
is defiﬁed here 1t carries the dimensions of volume/energy X timee.

b) Stimulated Emission.

A system in state E2 can absorb a photon of energy hv12 P
and re-radiate it in coherence with another photon of the sSame energy

leaving the system in state El. We can define the Einstein co-

efficient for stimulated emission, B21, in the same way as that for

absorption.
(2) W = By [e(v) g, (v)av
Not surprisingly g12 = 857° It can be shown, moreover, that B12 =
m
B21 _2 where mi-is the statistical weight or degeneracy of the
- :
l .
ith state.

c) Spontaneous Emission

An atom in state E2 can simply decay to state El emitting
a photon of energy hv where v is distributed about the central value
vy according to the line shape function gy, (v) = ggl‘(v) = g(v).
The transition rate for spontaneous emission is simply equal to the
Einstein coefficient A,y = 1/1,,, where Ty; 1§ the mean

to decay to state E, in the

lifetime for the system in state E 1

2
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absence of external radiation. It can be showna'that the coefficients

for induced and spontaneous emission are related by

~

3
(3) B2y - Bypo El = c X
Ay A21v. m, 8

so that the rates of all‘three processes.can be determined from a
measurement of the lifetime for spontaneous decay.

As in all laser applications, we are interested primarily
in stimulated emission. For this transition mode to predominate
over absorption it is necessary to produce a population inversion
between levéi El and E2, i.e. more atoms in state E2 than in state
E,; otherwise photons from the E2 - El transition would be absorbed
faster than they were produced. This population inversion must be
produced by some very specific non-equilibrium process, because the
"natural" level population of thermodynamic equiliﬁrium is propor-

. | -Ey/kT .
tional to e where E; is the energy of the i-th level, k
is Boltzmann's constant and T is the temperature of the system. More-
over, 1t is increasingly difficult to maintain the‘population inver-
sion against ordinary decay for shorter wavelength transitions. For
example, imagine a flux of I monochromatic photons per square.centi-
meter per second incident an atom in state E_. The energy density

2

hvy v
(4) p(v) = "¢ B(v-v,)I.

The transition rate for stimulated emission is then

2
(5) W 8_:;:;1 g(vy) I
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where N is the wavelength c/VO. In order for stimulated and

spontaneous emission to be equally probable, the flux

8n
2 .
»e(vy)

(6) | I =

2 . N
The N 1in the denominator makes short wavelength transitions
impractical for laser operation. There are, in fact, very few usable

transitions even in the visible region.-

B. The Line Shape Function

Equation (§) also demonstrates the impoftance of the line
width to stimulated emission, since g(vo) is rougly equal to 1/Av
where Av is the half-width of the spectral line. There are three
separate mechanisms contribufing to Av that need to be considered:

a) Natural Line Broadening

If an atom could be isolated and brought ﬁo rest, its
transitions would be broadened only by the effect of the uncertainty
principle and thé finite lifetimes of its states. This produces a
"Lorentzian" (or "Breit-Wigner" to the particle physicist) line shape

given by
‘ Awn

'_I

: = 2 2
(7) ev) = T (v - vl * (Avy)
A Vo is the reciprocal of the effective radiative lifetime
1 1 1
+
( )

’I'l T2

(8) AVn = 27

where T, and T, are the lifetimes of the initial and final states.

(9) 1.z oy,

T 3

P9
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where j ranges over all séates.to which state iVCan decay directly.
The natural line breadth is usually negligible compared

with the doppler broadening due to the thermal motion of the atoms.

For gases at low pressure (less than a few Torr) and near room

temperature, the line shape is gaussian

1 ' y 2
(10) g(v) = Z;; ,q/_l%_g_ exp -(In 2) (v -2v12)
: (2vp)

where AWD is the Doppler half-width at half-power

2kT

(11) tvp = vip N M

In 2.

with M the mass of the atom.

A third line broadening mechanism predominates at higher
pressure. Each collision an excited atom suffers "sets its clock
back to zero". This produces a Lorentzian line shape as given by
(7) but with a’AwP derived from the mean lifetime between collisions
rather than the natura; lifetime of‘the state. Awp is evidently pfo-
prdtioﬁal to the gas pressure, but the constant of proportionality

3

depends on the gas mixture and the atomic levels involved.

C. Gain Relations for lasers

Returning to Fig,.l, suppose there is é population deﬁsity
of n, atoms/cm3 in state El which is m,~fold degenerate and n, atoms/
cm3 in the me-fold degenerafe state Eé. An inéi&ent monochromatic

2

flux of I photons per cm” per second will undergo a change dI in a

distance dz given by



(12)

=10~

aI = 8 (v.) 1( -2

Ther"gainf of a laser, G, 1s defined by.

(13)

S0

(14)

1a
G = I dz ,
2
A , mp
G 8 e g(vo)(n2 -m EZ )

This is all, so far, well known. The task of determining

the actual values of the parameters which appear‘in'this equation

for a given physical situation is not so clear cut. In the next

sections we will try to estimate the lifetime, line width, and

population density obtaineble in a streamer chamber from some related

experiments with neon-helium lasers.
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ITT. Laser Transitions in Neon

A, _Spectroscopy of Noble Gases

In order to deécribe the trahsitidns that are important to
the neonaheiium laser and s%reamer chamber, we need to summarize some
details of noble-ggs spectroscopy.

Helium is something of anvexception among the noble gases
because it has no p-electrons and becausé it satisfies the L-S or
Russell-Saunders coupling scheme quite well. The sfandard L-S notation

is

28+1

n L
J

where n is the principle quantum number of the excited electron, S is
the total spin of the two electrons,vJ the total angular momentum,
and L the total orbital angular momentum expressed as S,P,D,F, etc.
The selection rules are

N5 =0

AL 2 0, *1

AT 1 (0 - O excluded)

H
O
.

Thus the lowest excited states of He, the 23Si followed by the 2180,
are forbidden to decay to the 1S, ground state by the AS and AJ rules
respectively. Radiative cascades from higher eneigy states terminate
on these metastables, which can be de-excited only by collisions.

The ground state of neon has six electrons in a closed
p-shell. The total ahgular momentum J, the orbital angular momentum

L, and the spin angular momentum of such a closed shell configuration
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are all zero. When éicitation takes place one of_the electrons is
promoted to gn'n' shell leaving a hole in the p shell. This hole be-
haves in many ways like a single p electron. It‘has spin = 1/2,

£:=1, and j = 3/2 or 1/2 with spin-orbit splitting (although of the
opposite sign of a_frge.electron). This hol¢ couples with the promoted
electron according to a scheme called Racah, or jf, or pair coupling.
The orbital angular momentum of fhe outer electron L' couples with the
J of the hole to give a resultant K = jJ + &', which is then coupled

to the spin of the outer electron to give & total angular momentum J
whose absqlute value is K * 1/2. The Racah labeling of the states con-
sisté of the symbol of the outer electron configuratibn followed by
[K]J. For example, the first excited states of neon are 3sl % ] and
3s'[_% ]. The prime on the s indicates that j of the hole was 1/2

rather than 3/2. The selection rules for jf coupling are

3

Ay = 0
M = 0%1 (0-0 excluded)
AT = 0% 1 (0= 0 excluded)

The strongest lines satisfy the additional rule
N = X.

, A 1ist of the lowest excited states of neon is given in
Ref. 1. At least as far as the energy levels are concerned the j£
coupling schéeme is very well satisfied. The energy differences between

states of the same [ and j are consistently less than one percent of



-13~

the excitation énergy. No matter‘hoﬁ'small fhe level splitting may '
be, however, it is enough to remove the (2j + i)(2£ + 1)-fold de-
generacy one would expect from the coupliﬁg scheme alone. In other
words, the mi that appear in thé transition rate equations are'simply
equal to 2Ji + 1 where Ji is the total angular moméntum of the ith
state.

The lower-lying levels for neon are shown in Fig. 1 together
wifh the metg%table levels of helium. Most practiéal neon-helium
lasers take édvantage of the close coincidence.between the helium
metastables and the s and 5s neon levels to obtain population inver-
sion by energy transfer in collisions of neon atoms in their ground
state with excited helium atbms.v'The success of this scheme fér ob-
taining inVersion depends on' two factors: the probability for energy
#ransfer'upon collision and the relative life-times.of states between
which the populations are to be inverted.

We will oniy consider the_tw0'stron;ést and best-studied
lasing transitions in neoﬁ, the 5s' | % ]l—>3p' [ % ]2 transition at
0.6328y and the 4s' [ 3 ]l -3p' [ 2 ]2 line at 1.1526p in the near
infrared. The first of these transitions is.pumﬁed by the 2381 lefel
of helium and the second by the 2180 state.

The de-excitation cross sect;ons and the collision freguen-

C*
cies for He -Ne collisions have been measured and are listed in Teble I
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‘where Q is the collision cross section averaged over the thermal
velocities of the atoms.

In considering the effect of t£énsitioﬁ rates on popglation
inversion, it 1is necesséry to distinquish betwéen the lifetime of a
state iéolated frOm.interactions with other atoms and the actual life-
time of an excited atom in a gas. The former is related to the
strength of the transition or "oscillator strength" and is the life-
time which appears in place of the Einstein A éoefficient in the rate
equations. The actual lifetime is a function of pressure, temper-
ature, and gas mixture and may Be'either longer or shorter than the
theoretical lifetime due to the combined effects of inelastic
collisions and resonance radiation trapping. It is this empirical
"engineering data" which must be considered in deciding if population
inversion is possible. |

 The lifetimes of the neon states involved in these tran-
sitions are 1isted in Iable II. Clearly the conditions are ripe
for inversion, but the task of calculating the”actual degrée_of
inversion obtainable for a given set of conditions, however, has
proved to be very difficult. Various theoretical studies of popu-
lation inversions in gas discharge systems have been attempted, but
there is not enough detailed information available on inelastic
scattering processes in the neon-helium mixture to permit getting
much guidance from this type of calculation. We will try, instead,
to infer the degree of population inversion obtainable in the streamer

chember discharge region from some related experimental parameters.

v
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B. Laser Gain Parameters

Although the gain and population denéities of
continuous neon-helium lasers have been carefully measured and
can be reliably predicted on the basis of léser géometry no
comparable information exists for pulsed lasers. The difference
_ lies in the féct that the population inversion in. the continuous
case is limited by the formatioﬁ of the neon 3s metastable states.
 These states populate the Up levél by absorbing photons from
bp = 35 transitions and thus destroy the inversion. The metastable
states can be de-excited only by collision with the walls of the laser
tube, so the gain and power output of a continuous laser_dependuon*
thé tube diameter and gas pressure but beyond a certain level of
excitation are almost independent of the discharge parameters. The
importance of the metastables can be seen by comparing the typical
power outputs of continuous lasers, say lO-lOQ.milliwatts, with the
84 watts obtained from the pulsed Ne-He laser of Boot, Clﬁnie, and
Thorn.6 We'will try to use the results of this laser experiment to
predict the gains obtainable in a streamer chamber discharge. The
comparison involves some debatable theoretical assumptions, but is
probebly satisfactory for an order of masgnitude estimate on the
streamer chamber performance.

In. the laser of Boot, Clunie, and Thorn a peak output

¢

power of 84 watts was obtained in a mixture of wavelengths including

1.118p, 1.153u, 1.162p, and 1.206u, all transitions of the ks — 3p group.
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W. W. RigrodT has developed a theory relating the power output of a

1.153p laser to the gain and losses of the system. These results have

been corroborated by a largé number of measurements on lasers operating

at low pfessure (~ .8 Torr), ﬁnd we will assume that they.are still
reliablé in the high-pressure, high-gain_region of the pﬁlsed lasef.
We also assume that the Boot, Clunie, and Thorn laser is "pulsed" in
the sense that the gain is not limited by the formation of metastables
but "continuous" so far as Rigrod's formulation is concerned; that is,
a quasi-equilibrium is reached betwéen excitation and de-excitation
mechanisms. This is plausible since the duration of the high voltage
pulsé (~ 1 ps.) is an order of magnitude longer than the mean life-
times of the excited states and the photons in the cavity. Assuming

that the linewidth is due only to collision broadening,
(15) P=3Auw,t (g - 1)

where P is the total power output from one end of the laser, A is the
area of the beam spot, t is the transmission fraction of the mirror,
and 7 is the ratio of the unsaturated gain per pass to the total

‘losses per pass, l.e.

' o L
(16) n= a+t

vhere a is the total loss pér pass excluding transmission through the
mirrors. The "saturation parameter" w, is a measure of the rate at

which the population density is depleted by the laser beam.

ot
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Theoretically, it should be simply proportional'to the total gas
pressure so that we can séale up Rigrod's measurément at 0.8 Torr to
the 245 Torr of the BCT laser. Neither the loss nor the transmission
coefficients are reportedvby BCT, but tYpical operating values are

a = ,0lL and t = .02. Collecting this information, we have

1.8 watts/cm®

wg =
n = o222,
go = 1l.48 em™t

In the above calculations we have assuméd that the BCT laser
was a single-mode, single;frequency'device; these are the conditions
for whiéh equation (15) was derived. In actuai fact, & laser naturally
oscillates at many discrete frequencies equally spaced af intefvals of
c/2L throughout the transition line. At each of these frequencles a
laser may, in general, oscillate in several modes.corresponding to
various standing wave configurations within the tube. In conventional,
low-pressure lasers multimode operation produéeé incredible complexity
in the output spectrum. In high pressure lasers such as the BCT device,
this complexity is completely washed out by thg collision bfoadening.
Each modé at each frequency depletes the popuiaﬁion inversion over the
entire iinewidth and hence robs power from all other modes. As a
consequence the total power from all modes'within_the line is equal
to the powér which would be contained in a single mode if all others

could somehow be suppressed. This is the justification for using
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equation (15) in the context of the BCT laser.

Since we will use this estimate for the gain in our estimates
of streamér chamber performance, it is interesting to compare the
discharge conditions in the pulsed vlaser with those in a streamer

chamber. -According to ref. 8 a visible streamer has roughly lOlO

: v :
free electrons in a 1 m.m. region of space. If we take the electron

drift velocity to be 2 x 107 em/sec, the current density is

i = 1013 em™3 x 1.6 x 10719 coulombs x 2 x 107 cm/sec

32 amps/cm2

The BCT laser had a peak current of 96 aﬁps through a 2 cm
diameter tube or 29 amps/cm2 current density.

Finally, we can speculate as to what gain BCT would have
measured if they had iooked for the 6328 R transition. According to
the summary in table‘S - 11 in ref.9 the gain of a continuous laser
operating at 6328 X is about one-fifth of that of a comparable laser
operating at 1.152p. Consequently we would expect argain of roughly

0.3 cm_l;
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| Ihe’ﬁopUiﬁfion inversion density corrgsponding to these
géins can be caltuiated from equation (1k4) iflbwplié'known.',Uqfor_
tunately, the collision broadening has not Beén measﬁred-fdf £he
1.152 p transition except at very low pressﬁre. P.-W.»Smithlo has
measured Awp for the 6328 2 transition at pressures. up to 4 Torr,
howevér, and it is proﬁably good enough to extrapolate his measurement
up to 245 Torr to evaluate the BCT device (end later to atmospheric
pressure to determine streamer chamber performance). The results are
summarized in table III. These inversion densityxresults should be
compared with the iOnizdtion density estimates for streamers in ref. 8
It is suggested in this work that there are "at‘least" 101° 1on pairs
per streamer (or l013 pairs per cm3) énd thatvthe ratio of the number
of visible photons produced in the discharge to the number of ion
pairs is roughly equal to one. This would be consistent with
table IV if most of the visible light came from the 6328 K t;ansition.
Spectrographs of actual streamer chamber spect?a,ll however, show a
large number of visible lines including most of the 5s =— 3p and
3p — 3s transitions. There are seversl possible reasons for this
discrepancy: | _

1. lasers commonly operate with a mixture of 90% He to 10%‘Ne
to enhance the pumping of the 5 s'! [ %-] state, whereas mostvstreamer
chambers (for no particular reason) use 10% He and 90% Ne so that the
optical transitions are excited more uniformly.

2. As the result of a collision, the excitation of & specific

level can be transferred to another state in the same multiplet. The
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result of this "cross-population" is to spread the ouﬁput power of
the laser over s number of closely spaced transitions all originating
and terminating in the same multiplets.

3. Although the peak ionization densities in the BCT laser
and the streamer chamber discharge are presumably comparable, the
effective invefsion densities may not be because of the longer high
voltage pulse in the BCT experiment.

Finally, we can make a general arzument based on the
seleétion rules that at most 10% of all visible light comes from

5s — 3p transitions. Evidently

number of photons from 4s - 3p transitions (visible)
+ number of photons from 5s - 3p transitions (infrared)
~ number of photons from 3p — 3s transitions (visible)

We have ignored all mechanisms of populating the 3p states
except for decay from higher states. Faust and McFarlane12 have calcu-
lated relative line strengths for the s — p transitions in neon and
compared them with measured values of the gain parameter. Their
numbers suggest that the maximum obtainable population density for
the Ss_states is about tén times that of the 4s states, but whereas
the Us states ‘all decay to 3p, the 5s decays preferentially to bp
(a useless far infrared transition) with a branching ratio

Rate [ 5s — Up ]

= 100
Rate [ 58 = 3p |
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We conciude that aﬁ most 10% of the visible'light from & Ne - He
discharge results from Ss‘—>3p transitions. Furthermore, the number
of Us -> 3p photons is roughly equal to the.tOtal number of visiblev
photons.

Further speculation on the mysteries of‘gas discharges on
the basis of so little date is probably quite futile. One is left
with the impression that the gains and inversion densities listed in
table IIX may be unrealistically large. Sirce, as will be seen in the
next section, the light amplification of‘the‘laser-streamer chamber
depends exponentially on the gain, it‘is impossible to determine how
well the device will work without specific measurements of the gain

obtainable in the streamer chamber discharge.
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IV, Stimulated Emission in Streamer Chambers

Imagine a stréamer chamber placed between mirrors so'that
the discharge in the chamber constitutes the active volume of a "laser".
The arrangement is shown schematically in Figure 2. The spherical-
confocal mirrors eliminate the need fof any further focusing of the
light, and their aligmment is much less critioal than the alignment of
flat mirrors. ‘In'order to estimate how much light will be available
for photography outside of the mirror system we must take into account
the interaction of stimulated emisoion, spontaneous decay, and absorption
of light in the cavity. Our starting point will be a pair of coupled
first-order differential equations for the time-behavior of the popu-
lation inversion and the flux of photons in the cavity.

We denote the inversioo density n, - ng —;E appearing in»
equations (12) and (14%) by N. Assume that a population inversion N_
is created at time T = O by the pulsing of the streamer chamber. This
density will decline to.zero after some period of time due to spontan-
eous and stimulated emission. (To a good approximation, n, is .
.identically zero because of the fast 3p — 3s transition.) Wé,will
assume that the photon flux in the medium is em&ll enough that

esgentially all the states are de-excited spontaneously. (We should

be so fortunate as to be wrong!) Then

daN N

A
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where T, 1s the actusl lifetime of the upper staté in the streamer

2

chamber.
.The photon flux I in the laser beam originating from a

" streamer in the chamberlS,contains both stimulated as well as spontaneously

emitted photbns. This flux is attenuated in the cavity‘by a combination

of absorption, diffraction, and transmission thfough the mirrors.

These effects combine to form a mean photon lifetime Tphot‘ In other

words,

(16) aI .. I ., VMg , cGoBNTI

dt Tphot ‘1'2 NO

where VN is the total inverted population contained in the streamer

vdlume and Q is the fraction of éolid angle subtended by the laser beam.
G, is the initial gain per unit length and B is the ratio of the length
of the streamer to the distance between the mirrors. Eliminating T by

combining (15) and (16) yields

.
(7) £ - = I -V - Goeprl
Tphot _
wheré
n = N/Nb

In order to simplify the notation we identify the dimensionless

coefficients
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(18) Ce = VDNyQ

Goc B To

Q
g
I

Cg = T/ Toyot

the starting, driving, and braking terms respectively. Then equation

(17) becomes

9.5:(3E -
(19) = B o - C o, I

This can be integrated using standard techniques, although we can
expect trouble at n = 0. A self¥starting laser-streamer chamber

corresponds to the boundary condition
(20) I(n=1) = 0
The solution to (19) satisfying (20) is
Cg -Cin 1 - C x

(21) S I(n) = Cyn e D™y B, D

We are really only interested in the total light integrated over all

time.
X 1 dn
(22) : T = [ I(t)at = [ I(n)
fo) o]
1 Cx-1 <C 1 -C Cpx
= Cg [ n B e D" dn [/ x B dx
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The integrals must be evaluated numerically; however, it is easy to
prove that they converge. Obviously
T < Cqe /] dnn [ x dx
' o n
but now the integrals can be done in closed form, and in fact are
well‘behaved.

From the point of view of numerical integration it is

convenient to integrate (22) once by parts so that

c Cq C
s s Cp

(23) T = o f (C

where
1 1 C

[ an [ ax (%)
e} n

B °D (x - n)
e

H
]

The advantage of equation (23) over (22) lies in the fact that the
integrand is bounded and that f is a slowly vafying function of the
coefficients. I is graphed as a function of CB and CD.in figure 3.
The data given in the previous sections can be used to
estimate the coefficients. If we assume the values of the loss

paramefers used in sectlon III then the photon lifetime is

L
Tohot ~  cla¥t) = 50 ms.
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for SOIcm mirror spacing; CB is therefofe on the order of unipy
depending on the transition and the exact construction of the streamer
chamber.‘_If B = .005 (2.5 mm streamer lepgth), Cp, = 22.5 for the
1.15 u transition and 4.5 for the 6328 K transition. The solid angle

" of the laser beam would be zero if it were not,fdr.diffraction in the

1h have

cavity which produces a small angular divergence. Boyd and Gordon
shown that the half-width & 6 between half-power points for confocal

mirror geometry occurs at

_ In2 ,’ A
5 6 = — I

The fractional solid angle, %662, is 1.k x 10”7 for the shorter wave
length and 2.6 x 10"T for the longer.

There is one more factor to be estimated which dees not
appear in equation (22). The I which appeafs here is really the light
flux from a single mode operating at the center of the line. The useful
light output from the device is equal to I times the transmission
coefficient times the effective number of modes participating. Since
the modes are separated by a frequency interval of c/2L the effective

number of them is approximately

2L

- Ty o= 600

The important parameters and the final light output are
summarized in table V. For purposes of éomparison, about lO3 photons

are required to expose onen7-micron grain of film and at least 10 to
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100 greine must be exposed if the streamer is to be~photographicaily
detectable. Evidently the light output from the visible transition
of our hypothetical laser-streamer chamber compares unfavorably with
the unaided streamer chamber, but the light.from the infrared
transition, if it could be photographed with reasonable sensitivity,
would be-eﬁormously amplifiea. This large differerice in light output
can be traced to the rather small difference between the Gy's, which

enter in equation22

as exponents. Since our estimates of the gain
attainable in a streamer chamber could easily be wrong by a factor of
five in either direction one is left with the impression that the self-
starting laser-streamer chamber might work but that one should firsﬁ
look at other schemes. .

One obvious way to try to improve on the previous echeme is
to prime the chamber with an external light source. In this way the
small fractional solid angle factor in CS is a#oided at the cost of
~introducing & luminous background on which the streemers must appear.
In other words, we trage-an intensity problem.for a-signal to noise
problem. We can easily calculate fhe signal to noise ratio, however,
with the odds and ends which have Eiready been coilected.

" ‘We can conceptualize the priming operation as follows: at
some time pfior to the pulsing of the streamer chamber a neon-helium
laser light source is turned on so that the active volume of the

streamer chamber is illuminated with a uniform light flux of Io photons

per square centimeter per\ second. In the absence of any amplification
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these photons will be‘partially trapped in the chamber where they will
deecay with their characteristic lifetime. The time dependence of the

trapped light satisfies

)

(24) ar _ o . _I

and the steady-state solution is

(25) I = 1. (& Tphot)

° 2L

Imagine now that when the chamber is pulsed a fast camera shutter
(a Kerr cell, for example) is opened and closed a time T thereafter.
During this interval the camera will receive a total flux of

(¢ Tonot .
I, ___EE___Z +tT photons per square centimeter from those regions of
the chamber where there is no discharge. (t is the mirror transmiss-
ivity). The actiVe areas of the chamber will emit light according to

an equation much like (16)

I _
(26) & = I, 0% |, cGBNI
: dT Tphot 2L No

simplifying as before we get

dn B n n D
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where cp = TQIOC/QL. The boundary condition is
) c T C,
(28) I(n=1) = Ij( BBty = P
2L ' Cp

and the solution is

C.
(29) + = =n e
' B

The signal to noise ratio or the relative brightness of the streamer
on the illuminated background as seen by the camers during the

interval T is

) T » T
(300 £ =g atut)/%
(e}

Neturally one choosés T so as to maximize equation (30). The maximum
attainable S/N and the required time interval are plotted in Fig. 5.
Notice that S/N is independent of I, aﬁd independent of t except as
it appears in Cg. Therefore, one can further.qptimize the chamber
performance by meking the mirror transmissivity as small as possible
| and then adjusting I, so that the brightnéss of the image is optimum
for the film, The only limitation on I_ is imposed by the initial -
assumption that essentially all the states degay spontaneously, but
this is not‘én important restriction so far as ordinary photo-

graphy is concerned.
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A glance at Fig. 4 shows that signal-to-noise ratio for the
visible transition is marginal, whereas the infrared transition is
overwhelmingly brighf. This again reflects the small differences in
the values of Cp for the two transitions,band_again it must be
pointéd out ?hat the margin between sﬁccess and failure is much

smaller than the uncertainties in our estimates of the gains.

-



L.

LJ 3 r;j i % d ":;? § g .t “3
Rl L ] 4. o i o

-31-

V. Conclusion

We have expléred several schemes for using stimulated
emission to increase the amount of photographable light fromva neon-
helium streamer chamber. The estimates of.ﬁhe performance éf these
devices suggest that unless one is willing to use'inffared photo-~
graphy, the laser-streamer chamber techniques can at best equal thei
performance of an ordinary streamer chamber. This is hardly a
recqmmendation for undertakingvsuch a project, especially in view of
the difficulty in building and aligning large, cufved, semitransparent
mirrors. Our investigations, however, do suggest several interesting
lines for fufther research:

i. The performance of the laser-streamer chamber depends
sensitively on the differential gain obtainable in the
streamer chamber discharges. Since our estimate of
this parameter is not very accuraﬁe it should be
measured experimentally. An increase of a factor of
flve over the calculated gaein would maeke the scheme
Quite practical.

2. There may be considerable advantage in us#éng infrared
photography both for the conventi9nal and the laser-
amplified streamer chamber. Neon simply has many
straonger lines in the l-micron range than in the

visible spectrum.
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3. Ihé strength of the visible transitions might be
enhanced. by op%imizing fhe gas mixture. If.experience
with continuous lasers is & reliable indication,
increasing the ratio of helium to neon should make

ordinary streamers much brighter.

Finally, there are some far-fetched, laser-oriented ideas
which come to mind, such as resonance scatﬁering of laser light from
the streamers or laser induced ionization along the path of the
“ionizing particle1.5 Whether or not any of these particular schemes
actually turns out to be practical, the laser and'the streamer chamber

are such closely related devices it is hard to imagine that their

marriage will not bear fruit.

we



o
s

W S Y U ou J ¥ ob
_33-
Table I
Q
16 2 Codlisdion-frequency, per
Collision (x 107 cm®) metastable/sec p in mm. Hg
1 5 b
He(278 ) — Ne(ks') L1+ 1 17 X 107 Py
3 , 5 >
He(2781) — Ne(58"') 0.37 £ 0.05 1.6 X 10 Pre
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Table II
Total
_ Radiative Transition
Transition State Lifetime Ref. Lifetime Ref.
1.1526 bst[ & ]l % ns c. 229 ns &
3p'l g, ]2 12 ns d.
0.6328, 5s'[ &), -- b. 723 ns a.
1 3

Result of theoretical calculation by W. L. Faust and R. A.
McFarlane, Journal of Applied Physics 35, 2010 (1964).

This lifetime has not been measured due to the difficulty of
disentangling the decay time from the 3p — 3s spectra.
Presumably it is comparable to the bs'[ 3 ], lifetime.
Measured directly by observing decay time after electron
excitétion. W. R. Bennett, Advances in Quantum Electronics,
ed. Singer, Columbia Press (1961).

Measured by negative dispersion techniqué By Iandenburg,

Rev. of Mod. Phys. 5, 243 (1933).
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TABLE III

Calculated Gain and Inversion Density for‘Pulsed Ne-He Discharge

Transition Av Ly ‘ G
2l5 Horr 760 PTorr °
s ' -1 10 @ -
1.153 1.9 x 100 sec 5.8 x 107 sec 1 1.5
: -1 -1
.6328 1.9 x 1010 gec 5.8 x lOlO sec .3

N

3.8 x lOl3cm-

8.1 x 10

13

cm

3
3
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TABLE IV

Parameters for the Self-Starting Laser-Streamer Chamber

Y}
p

4Mirior’Spacing . L = 50 cm,
‘Mirror transmission coefficient t =‘0.02 —
Fractional loss per pass a = 0,01
Streamer length . 2.5 mm.
Streamer cross-sectional area 1 mm2
Photon lifetime Tphot = 50 ns.
Upper level Lifetime 7, = % ns.
Transition | CB CD CS f Photons
1.152 p 1.9 22.5 2.5 x 10* 9.8 x 10* 3.5 x 107
0.6328 1.9 b5 2.8 x 10t 0.5 | 5.7 x 10°
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FIGURE CAFTICNE

The lower-lying levels of neon together w1th the
metastable levels of helium,

Schematic drawing of the laser-streamer chamber.

Plot of the function F for various chamber parameters.
i ' ) :

Signal to noise ratio and optimum image formaticn
time for various chamber parameters,
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