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Part II:

Seotion

nitrogen laser physics .

1: general considerations :

1
For our purposes here, molecular nitrogen has three electroniec
states: ground, C and B. These levels and their lifetimes are
shown in Fig 1. .(A complete q?ergr level diagram may be found

in the appendix) In these :la#es, only the bottomost wibrational
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levels ( V= 0) are of interaa%; higher levels are not sufficiently
populated in an electric dis¢£argt. or do not have large enough
matrix elemente, to lase. In these lowest vibrational levels,
several rotational lines have' sufficient lasing gain, but all
these details, as well as the details of the fine spin structure
of the electronic levels, are,not of direct import.

The lifetimes of the C and B states — as has been noted in every
nitrogen laser article since Lha discovery of nitrogens UV laser
lines by Heard! in 1963 — lﬁi exactly wrong for CW action, so
pulsed operation is a way of iife. For the purpose of pumping dyes,
rulsed operation is a boon si?ao large peak powers can be developed
with only modest power supply;rﬂquiraments. Also, thermal problems
in the dye are completely aro%ded. Finally, laser spectroscopy

does not require a CW probe ahd fares just as well on a pulsed

f
basis.
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Section 2: the, rate egquations

—

)

The power output of a nitragt} laser is a funotion of the total
inversion in the laser tube. ?ht inversion is, for practical
purposes, proportional to thﬂ:rate at which molecules are
pumped up into the C state.

measunts ddl% (")

Of dourse once a molecule gete to the C state it can only stay
there for a few tens of nanns§¢0nﬁs after whioh it falls back to
‘gome lower state. It is not shrprising, therefore, to find that

the 33714 nitrogen laser pulsks are about 10 nsec in duration.
]
i

]
Sinoe it will be of interest o maximige the power output of a

nitrogen laser for dye pumpin% purposee, it is necessary to have
a rough idea of what is taking place inside the laser medium so
that various geometrical and electrical factors can be optimiged

‘in gotual construction.

- e -

[

Phyeiecally, a'tranuvurnt-fielg No laser lockes something like that

shown in Fig 0 . The alectruﬂ?s have a width w, length 1, and

| e

geparation s; they are immgrsrd in nitrogen at pressure p. The



anda:nf the tube are made of quartz to pase the 33113 ultraviolet
1aaer light which typically péurs out in a superadiant fashion;

that is, the gain of the nitr%gun is s0 high that feedback in

the form of mirrore is unneoeéaary for laser action. The UV beam
has roughly the rectangular cross section one would intuitively
expect from the elotrode gtnmétrg. The beam divergence is sin=1(w/1)
and sin—lfa/l} for the two ba;m dimensions. When a plane mirror is
placed at one end of the laser, its length is effectively doubled
g0 both beam divergences halv.

o 4

|
The rate at which the C leveljis pumped is given by
]

i
i

| %t‘“-‘- = MM R @)

We certainly expect the par-v?luma pumping rate to be proportional
to both the electron density,since electrons do the pumping,
arid to the nitrogen gensity, gince nitrogen is what gets pumped.
Re, which clearly hae the dim?nﬂinnu cm3/sec, is somehow a measure
of the effectiveness of each }leutron—molecule gollision in regard
to that collision's ability to excite a ground state nitrogen to
the ¢ state, If there were only one electron and one Ny molecule
in each om3, an excitation wotild ooour every (Rg)=! seconds.

|
Croee section is perhape a mnfa graphic conceptualization of
collision effectiveness for Eéme event, and ag dimensiona will

ond ot Ascime 0%
verify, the relationk/ is: Eit <

Re = (o) Ne(omang) (3
i

where v, is the electron velogity. At any electron temperature

!
|
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thar:o is of course a Haxwell—i}ikﬁ distribution of eleciron
velocities. Since ¢; ie a funbiion of temperature ( see Pig 3 ),
at a given mean electron tamp;rature R, is calculated by
averaging aaxl; over all velocities in the distribution, hence
the bar over Equa 3. This averaging flattens out the sharp

peak shown in the crose section plot so that a plot of Ry

versus electron temperature looks something like that shown

in Fig Y . ,

—Te (eV)—
}
From BEqua. () it ie apparent that the C state pumping rate

is dependent on the electron %smperature in two ways,(l) through

Ry, and (2) through ng: i
i

dNe = Mg e
dne "ﬂei(__E: Mo Re(Te),



Section 3: determination of electron density ng, and the relation between
inversion and ourrent density in the nitrogen laser,

i
In an electric discharge invniving large currents ( spark ) the
eleotron density and gas cond%etivity grow very rapidly as the
the gas begins to break dnvn.iﬂfttr a variable statistical time
lag an avalanoche occurs. Thnnl after the so-called formative
time lag, streamers form, thalaonduction channel fills uﬁt,

and the electron density is t%an ready to grow in a more
analyzeable fa;hion. A1l this;takas place in less than a
nancsecond if there is a high overvoligge. When the channel is
formed, ng is still vﬁrﬁ*sual?, perhaps only lﬂéfnm3 and the
applied voltage is etidl Buppgrted. Ny then growe according to

the simple rate equation,

dme _ o R (Te 4
a'r%e_m;?oﬁ(e) (4)

}
This equation is identical to' the previous excitation equation except
Ry is a measure of the collis?nn effectiveness for ionigzation.

R;, like R, is a function of* electron temperature.
i

o I
It is helpful to know how 1ur%u n, gets and how ng, depends on
other parameters mo that even;tuall:.r laser power can be optimiczed.
Equa (Y ), though interastingﬂ is not very helpful in answering
these guestions. All that canl be said from Equa (Y ) is that as
n, grows, at some point the letagn acrogs the discharge starts

to drop, the elesctron tnmpara&ura falls; R; diminishes in a way

i
|
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i

similar to Fig (4 ), and n, levels off at some psak value.

'
i

]

Conpideration of the elaatrnnidrift velocity and current limiting
!

provide an alternative anmwwer; to the guestion. According to

)
F. Llunullyn-Jonea3 electron drift velocity is given by

- —

—

| - FeEL T
W. = ;m(;?) (%)

where E is electric field, u "lectronic speed, and ) the electron

i
mean free path. Q ies roughly given by

fpi = -F_jﬂ__it i (r6~)
{

!
where ¢~ ig the mean radiue of a gas molecule. The relation

hatﬁeen p and n, is of coursﬁ_juat the eguation of state,

Yo = B ﬁ' (7)

where p is in torr, T is the ?na temperature relative to room
temperature in °K, and (5 is a constant, Exmlsf'torr/m3.

i
Thus we can write, I

{4 =

Maall
™ o* ﬁ% = ( i:)

and Equa ( 9) becomes, !

w2 e T ()

- 3?0‘1(1% Me £
!

i



The electronic mean kinetic .%ergy y, Or electron temperature,

is found to be, .

E= +tm W = %i&"l; = EEE% (10)

where A is a consfant indiocative of how much an electron is

gtopped by a collieion,

A — &Jmema o Q Lnf (“)
(M0t Moy 1

i

If A is small, the electron a?cumnlatas energy picked up from
the electric field over many pean free pathe. Heplacing { in

Equ. (10) with Equa (%) we g}fat-

e Ta L (E)lam (12)
& = Trm"(%m‘ (P) TR

Note that the gas and electron temperatures are not the sane,
The thermalization time ie mu?h longer than the time it takes
for a nitrogen laser to laaq;IFor our purposes, then, T,.,; is
just unity, room tumpuratura,!a constant.

:
From Bqu. (12), then, it is apparant that electron temperaturs
and the fractions Efp ar thq;ara all proportional to one
another; they are all meaaureL of the same property of the

electron gas, namely the mean kinetic energy.

i
|
|
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With a certain degres of mathematical loosenese, m can be

eliminated from Equas. () ajd (12) to give,

W = (ae‘mmy r (\3)

q wo* (is"n'le

The drift velocity is also uain to be a funotion uf_E/p and
H

hence of electron tumperatur¢1
1

Nitrogen is not an ideal gas,%and many loose assumptions have
been made. Nevertheless, the f"tuul‘hs for electron temperature
and drift velocity as funciions of E/p ( or E/F} at least show
the correct monotonic relatiofiships. An experimentally derived

]
plot of these two quathtities *iruraua E/N for nitrogen at 77°K

\
is shown in Fig. (5.). .

To get a feel for the magni‘hut;.! of some of the quantities that
are being thrown around h-rt,:sumb numbere are appropriate. The
calculationse which follow H!r% all made from the preceeding
equations using values for E énd p that might be found during

the laser pulse in a nitrogen|laser.

<. L3A (cRQ)
Ny = 4 %107/ om®

W_- L{M‘H—/}#’-ﬁ-@

E = /o000 uoug»’w; £ . =leyve

P = 0 towu ; £ =150eV

T,= 4 | Te = 10° °K

A = Yobd ; T = 700 ww ] parc

o
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We are in the procees of seeking the eleotron demsity n,. Since
L]
the ‘electrone are light, they account for mcet of the current in

the discharge, B0

J = e W (%)
k |
Iy ft turns out, is limited by factors external to the nitrogen
discharge itself ( otherwise %t would become infinite®). At the
time of the laser pulse, the éurrant density J — as will be
ghown later — ig limited by ihe impesdances of the discharge
circuit as well as by the sli%ht inductance of the discharge itsalf.
It will also be Bhown that thé alectron temperature, Efﬁ, and

hence W_ are essentially cont¥ﬁlled by the electrode geomeiry

and externsel discharge circuitry.

If ny is eliminated between E&uaa. (1Y) and (), the result is,
|

!

VAVASLOR A~ % L eJ Re (/) (15)
| W- (€/p)

The ‘important conclusion to h; drawn here is this: for a given

lagser geometry and drive currént, E/p is already determined (as

will be shown), Once an optimim value of pressure is £bundy the

amount of inversion per om3 and hence the amount of available

pover is directly prnportinnai to the current density supplied.

!

*¥At 20 torr and with the drifﬂ velocity caloulated earlier, if
every molecule was singly ichized, the current would be
256,000 amperes, a large though finite current density.

|
|
!
{



Seotion 4: overvolting and E/p

e

The spark process resulting in the formation of a conduction
channel, as discussed above, §¢¢ura very quickly when the gas
is o%ervﬁlted by more than a }aw per cent ( ¥ypically in Ny
lasers the gas is overvolted éy 500%). Very near the spark
potential it may take severalt;noonds for a channel to form

!

because in the case of low overvolting the statistical time
I

lag amounts 6 waiting for a &osmic ray or photoionization to

i
start an avalanche. "

i
A véry simple analysis of ionigation buildup in a discharge —
first done by such gas greats as J.S.Townsend4 and J.J. "Electron”
Thomson® in the sarly part oftthu centnuny — shows that the

number of electrons reaching ?he ancde of a discharge is
]

‘n(d..

=
- . 16)
A - 2 () (

where n, is the number that leave the cathode, d is the length

of the discharge, ot im the nu;btr of ionizationz per cm caused
by each electron, and w is the number of electirons "created" at
the cathode per cm of travel éf sach eleotron an the discharge as
a result of so-called "secanﬂ*ry procesgses.” w is thus seen to

be a sort of feedback. When d:is large, ng ig some emall number
indicative of the gas leakagtlcurrent. However, when d is reduced

to & value which makes the deTominator approach zero, it is like

1
I
i

10



= = e

a lopp tranemission going to ﬁnity, and ng blows up. This,
Thomson tells us, is what sparks ares all about. The spark

condition, or "Townsend criteriem," is thus,
i

w(e™)) = 1. ()

It can be shown that o/p and w)/p are both functions of the

familiar variable E/p = V/pd, so Equa. ((7) can #iesbe rewritten,

b (Ns/P& "'f@s%P‘aQPds
q(u,,;pas)[e C e (9

Solving thie equation for ?(ﬂéark) one gets,

Vg = Vs (P d&i (1?)

| 6

which goes under the name of Paschen's Law

. For example, Wolff
i
(check this footnote for evidence of recent research) found ihatj

for nitrogen Paschen's Law ia‘appro:imately ( for reasonable

J

préssures),

Vg = 300 [ |R.03 (P Jg) + 5_01 (20)

- A

where V is volts, p atmospherés, and d mm.
i

N ]
For practical purposes, Panchfn's Law can be approximated as

Vi = Aps (20)

where A is -some conqtapt, and s is the electrode separation of

- e

11
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et

e

a nitrogen laser. The dischar&‘ circuit with ite inherent g};
]

will cause the -discharge to oyervolt by some faétor B, so

Voo = BVae = AB ps (22)

Thue is obtained the result promised esrlier that

£/ = %:;A%. | (23)

That is, as long as the voltage supplied to the lasmer is greater

than V,, by a sufficient factor (A), the ratio E/p is

[ ]
determined entirely by external circuitry through B, the

L

overvoltage factor. E/p at breakdown is independent of both
pressure and electrode separation. ( This of course is only
true in our simplified zeroth.order analysis. In fact, E[p

H
does vary slightly with these' parameters, but not much.)

!
I
|
{
|

.
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Part III: nitrogen lasmer engineering i
Seotion 1: discharge cirouit analyeis
)
A simple discharge circuit 1; shewn in Pig. 1. G is a triggered
spark gap having a very fast rise time of perhaps 10 nsec. D is
the discharge tube. The sum ;r all circuit inductancee ie L.
Capacitor C is initially charged up to some high voltage V,, the

ewitch is triggered by an external -.circuit, and a pulse of current

Fl%m 1.

1)

ig delivered to the gas.

e T

After the spark gap has swit?h-d on and when the discharge has broken
down enough so that its resistance is small compared to reactances,
the oirouit can be roughly aﬁprnximatcd by & mimple LC circuit.

The peak current of such an LC circuit ie easily shown to be

Twox = i%‘\fn. (1)

The current density J in the*dischargi ies proportional to I, ®o

to increase J and hence the ;mnunt of inversion we can (1) increase
C, (2) increase V,, or (3) dpcrease L. Once a power supply is
selected, V, is fiz-d{ The m%rginal benefit of adding an extra
capacitor to bank C drops off fast when there are already 10 or

so capacitors, and more capacitors also increases circuit



o e sy e e

inductance. The best thing to do is to design the discharge cirouit
geomeiry so that the vlriouniinductancta are minimized. The total

. : :
inductance; however, can never be less than that of the spark

gapts Typical numbers are f

L = %0 ~MH

C = 20 mF

N, = 30 KV

:[hnf' l§? FQ}\ .
In order that the power be deélivered mosily to the discharge rather
than to the gap itself, fthe %ap must switch on speedily. Thias
nccisaitatnl ite operation aﬁ high pressure (several atmospheres).
High pressure sparks are-loné and narrow, so they have high
inﬁ?q;anct. The self inﬂunta&c- of a réund conductor is, by the

4

wayy 1
!

L) = QQUMSZ'J% - -'3;1 (2)

so that the inductance of a J cm spark, 1 mm in diameter, is about

15 nH, i

e

Using the circuit of Figure 1, the only way to reduce inductance
i

below that of the gap is to use many gaps in parallel mo that
Ltotal = Lgap/m. Typically ne20 and Ly ... = 1 nH. The multiple
gap approach ias effective huﬁ expensive, and an alternative is
to use the circuit shown in Figure 2.
i
i
Before leaving circuit 1, hoﬁev-r, one other observation should
1

i
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! 3
i

L]

be ;aﬂt which applies to nllidrivu circuits. As can be seen from
the plot of the exoitation rate R, in Figure 4 (Part II) and from
-antian'l5 (Part II),-tya ifversion increases with increased
electron temperature, which .';s to say, with increased E/p. Back

on p. 12 of Part T it was shown that E/p w AB where A was a
Paschen constant and B was téa overvoltage factor. The faster the
voltage rises on the disnhargt, the more it will tend to overvolt
thﬂhgh there ig no strict linear connection. In Figure 1, since

the -discharge has wvery Bualllcapaoitanoc, dﬂfﬁt is very large;

this is an advantage of oirc;it l. Faotor B is thus lawge, electron

temperature ie high, and pumping of the C state is efficient.
I v

. \|
In circuit E?thcauat of the ‘presence of capacitor C,, d?fdt is
|
somewhat sacrificed as a cosé of obtaining increased dischamge

! P
currenty, Experimental evidence seems td show that increasing

dv/dt beyond 1500 volts/nsec does not in fact improve the overvolt

F:\ﬁhﬂuL-iL. (35)

e

factor B, so with =mall Gg.tﬁtr! is no sacrifice. The reason for
i

this is probably an effect oﬁ the finite switching time of the

spark gap. That the oireuit;of Figure 2 can deliver a higher

peak current can be demonetrated as follows, After the gap has

o e



il iy oF ek F =W

v
switched, buf before the discharge begins to break down, the
L
; b).
cirouit is that shown in Figure 3. If C ie initially charged to
1

v

o the current in the circuit is

T = (ugij:-jgm(—'ﬁ—ﬂ t) N

and the voltage rise on C, is;
]

' I
4 ) Qk *® ?‘\ _*‘l—'a
Ve, )= 2 Vo S0 (2750 ¢ - (@)
- {
f
If G, is small compared to Gl:{ perhape 1:4 or less), ctt = Co
and then i
Se s on <'—"—'t
Tox Vo U Y (5)

A € 6
V‘Cz A Q\\Jrn Sz% (-zEI C-g,l> . 6)
‘
Whereas the voltage rietime for circuit mam 1 was nearly szero,
here it im seen to be 2)LC, ,i As compensation, though, C, is
charging toward twice the supply voltage and this tends to improve
av/dt.

———— —

When V.2 reaches the ovawoltfag. Vac = B Vg,y the discharge very

quickly begine to break dmm,: the circuit is that shown in Fig 3.




The orux of the matter is this: now the peak current in the
discharge ie no longer limited by the gap and external inductances.
L, the inductance of the metgl plates cohnecting C, to the elsctrodes,

can be made much smaller thar Lgg,. Typical numbers might De:

_ [="A4 mn
I
' Ce Y4 mF
V=l 20 KV
Q §
:E;m:: S'TE Voo = 4O kKA.

Thus, the discharge current &nd invereiop ar; more than doubled.
These peak currents demonstrite a point, but are probably not
aoctually realized since the various losses, including the
excitations of the various m$ln¢ular states, have been neglected.

They appear, of course, as time varying resistances.

i

L]
]

o= e e
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Section 2: optimizing pressure '

Tn equation I-15 it. was ahﬂwq that

| INVERSION = N R;Z(E/ D) 3
< W (B

{iven  particular laszer geometry and a diuchaﬁgi circuit, J

L]
-

and E/p are predetermined, as has been shown, as long as

Vsupply 2 XVace ‘When p is 10\;, the inversion is low. As p
inogoauan E increases so asfta keep E/p constant, R, and W_
remain fited, and the,invnrs%qn grows linearly with p. HWhen

p reaches a certain value, E:- ?acﬂﬂ can no longer increase

dues to the voltage limitatia%, E/p drops and Ro falle off fairly
steeply ( see Figure 1I-4) a$ eledtron temperature falls. The
product of p with R, a func;ion which iLcreasmB as p increases,
is what produces a maximum i%varaion and an nptimum pressure.

With Veupply around 30 kV and s=3 cm, the optimum pressure is

found to be 20 torr.

o e— e

£
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i
Section 3: optimizing nitrogen laser &tsign
!
The more power supply voltagé available, the more power output
that can be obtained from the laser because (1) electrode séparation
can be made large for large 4olum¢, and [2) overvolting will
be Fnigh. A
'y I.
.
Practically, a power supply &f some reasonable voltage is chosen,
perhaps with consideration %u the breakdown voltage of available

i
high valtagajlow inductance capacitors, and then the optimization

begins. Fram uconom%s onnaid;rationa, the maximum size of Cq + C,
is also determined. The gquestions are: (1) How should the electrodes
be connected to C,? (2)How should the capacitance be distributed
between C; and C>? (3) What should be the electrode dimensions,

shape, and separation? 1

(1) To keep inductance low, the ?2 capacitors ehould be as close to
the discharge tube as is posgible; they should be arranged along
the length of the tube and should be connected continuously to

the electrodes via copper sheeis. An inductance calculation will
]

]
1

be done later,

(2) Chdoeing the ratio of Glfﬂg }ﬂ a playoff between peak current
and overvoltage and is besi determined experimentally, as is
the optimum pressure. In our laser, a ratic of G /C, = 4 was

found to optimize powsr., l

{

¥

}
(3) The current density in the dimcharge at any point is (see



Figure II-2) given by
)

PR v
J ! (7)

and the total inversion per ém of electrode separation is
i

controlled by I which, as haé been shown, is determined by
external parameters. Thus, cﬂanging the ;idth and length of the
elettrodes does not change the amount of inverted populatiom.
The separation should be as large as can be overvolied effectively
by the power supply, since the total inverted volume ie propor-
tional to separation =. Pracﬂially, however, the separation is chomen
g0 that the laser beam can bi collimated by available lenses to
the desired beam shape. Even:thnugh the total inversion im
unaffected by the length of éhu elactrodes, their length ia
important becausa of saiuratiun effects. The electrodes should
be made long enough so that for mosit of their length the nitrogen
population is saturated. Inc;uaaing length further will not increase
power output ( for a fixed dfive current). Howefer, if the C,
coupling ecircuit is &Itonﬂnd1a1ﬂng with the laser tube, the total
dri;e inductance is halved eéeh time the tube length is doubled,
80 there is some benefit in peak current, Most researchers, hovwever,
geem to agree that with a single plana-m?rrur system, an electrode
length of 1 m is about as lopg as is useful. In the siggle
spark gap scheme of Figure E%'all the current muet ultimately
pass through the spark gap aﬁﬂ incraauiq% tube length beyond

]

e
1 m merely rain-qf;rimarx;circuit inductance with a resultant

{
deterioration in dV/dt. In a:multiplt gap scheme where

R B G e e sl



!

everything is extensive along the tube, power output for long tubes
i

is linearly proportional to Xengith. The operational cost is

an increased demand uﬁf;:uur supply current to charge all the

capacitors.
i
i

]
Section 4: the question of discharge uniformity’

-

That a uniform discharge is, 'first of all, desireable can be

easily demonstrated. For simplicity, assume that the discharge

"gparks" in N equally apgced:channqla along the electrodes as

shown in Figure 4. The total gain of all the channels is

i

]

. *
/ /

¥

' f?hiuuxxn‘%.

determined by the total currént I which, as has been remarked
about 5 times, is fixed. If Phe total gain is G,, then the gain
i
of each channel is 1 + Go/n. As n->a0 the beam passes through
each differentially thin chahnel with unity amplificationm,
| |
1

If one of the end channsls g?nerntu spontaneous noise Pg.,

the power output of the tube. is
t
i
: ¥
E: . Go) -
= +l——'
Fixit .g:(;\ qi:]

Pout 18 thus a monatoniaally!innrtasing function of n and has

ou

A ———
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a limiting value of’
E;ui;(}fl==“5) =

This limiting value ies effec}ively reached when ‘

1
k

!
L= ‘D G”I
i
For a uniformly discharging laser tube that saturatee at 10 kW

from 10 miW of noise, G, is !

Poss _ L0 __g-
I S 2.31:1 (‘-I%—L) = (5.
i :

I
¥

And for sffective utilization of this gain, there should be at
least 150 channels. If the discharge only sparke at 5 of 6 places,

the gain, instead of being lbﬁ s is only
¥

.
o o (1+ 5Y & 108

BT

This loss in gain ie anpthirE reason why overvolting the discharge
is important { besides the £hot that overvolting provides a high

electron temperature). When ;:‘:he elactrodes n.rlo highly overvolted,
B of V,, = BxVy, is largs, tée channel-initiating avalanches

form very quickly. The faste% the channels are formed, the closer
together they can be for thogfullouing reason. When one channel

ie formed, it tends to shori{'the slectrodes and the local potential
1

-

- —
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1
falls. ‘This potential drop propagates as a pulse down the

electrodes at something resembling the speed of light, so no
new channels can be formed where this pulse has passed by (see

Figure 5). Thus, i#f the channels all start forming in some
!

£ = O msec

f:us-ff

@‘ - + = 71 msee

'close together as
i

time 7 , they can occur as

®r=ci.
t

Gv?ryclting has the effect of drastically reducing 7 . When
the electrodes are overvnlt;d by 500%, T , the time for a
channel to begin forming after the first channel has formed,
ia down to a few picOHueondé, so x is on the order of mm, and the
gain of the laser is very h;gh since n, the number of channels
into which the total currnné is divided;, ie very large.

i

|

-



Jection 5: laser tube description

e -

.
. i | o,
A nitrogen laser“which was conatructed for the purpose of pumping

[l
organic dyes, -had the fﬂllouihg characteristics:

¥
1

The electrodes were 45 cm ln%g, of polished semicylindrical 55&:5
tubing, diameter 2.5 om, smoothed ends, isparation 3 cm.

'
The discharge tircuit uupplil%.3ﬂ kVIC a? 5 ma. The spark gap used
was an EG&G'GP-14 capable of :!mndﬁling 100 kA. Capacitor ‘banks
were padi from Spfague 2500 p& 30 kV uni%s. All wiring consisted of

copper sheet, 30 om wide [seq Figure 6)., The discharge circuit

i= shown in PFigure T,

4M Ly Lo Lia
te” Q00> _l_ 200~
o— QQg— ! Q90 -

by L, Ll.';

i
Nitrogen gas was flowed at a Vvery slow rate through the tube;

uptimum pressure was 22 torr.|
l i

The voltage and laser pulse ake shown in (Figure 8. The laser pulse
¥

] a
im some 10 nsec long and nccu?a some 50 nsgec after the discharge

¥
]



(a) voltage across discharge
tube. Vert: 10 kV/cm
Base: 50 nsec/em

(b) laser pulse. Vert: un-
cal ibrated. Base:
50 nsec/cm
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vulﬁagt begins to fall, Hhicf.ia consistent with inductance
1

- b e

cal?ulations for L ( to come).
i

Energetics: the power supply is capable of supplying 150 watts of
i

power, ‘The energy required tp charge the primary capacitors ﬂl im

-
-

2. i
\ﬁhﬁ&.:; QV = JljFr&Chal‘Jlﬂh
{
Thue, the maximum pulse rake is about 8 pps. The energy stored in
Gl is, of course, only 5 J; the anergy per laser pulse, as measured
by a calorimeter, was .50% 5 mJ, for a wall-to ~laser-pulse
efficiency of 3 X 16'5. The aharage powir during the laszer pulse
i
is
- i
(o 10, =1

i
1

At 8 pps, the average laser power output is about 4 mW.

PM = W =l ‘__?:Ji =‘ 6‘(:)\(\‘\/,

Misc: The electrodes wvere oac¥ mounted on three beoltis inside a
3" 0.D. plastic tube. The tndiwindouu were i“ Corning No. TT40
pyrex glass plates with a los? of .3 db per window at 3371 A. The
spark gap was triggered by aniEﬁﬁﬂ TR=153 pulsze transformer

driven by a transistorized phlser ( schematic in appendix).
}

o — —
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|
Sectiom 6: inductance ciclulations

o

|
The inductances shown in Figure 7 are not entirely trivial te

calculate; an attempt will be!made here to calculate L3. Sinoce

the slectrodes were comnected to the current carrying sheets by

three bolie, the sheets= were %ut as affective as they might have

been in reducing inductance., The inductance from C, into the
)

I
discharge can be modelled as three rings cannected in parallel

as shown in Figure 9. Using another of Grover's formulas?

| " m _ i oL ' ?‘_ﬁ_:_ .'L'u
LK) = Y ,;QM 22 1] (W)

] ' X
and using a = 5 cmy b = 1 cm,; we find that the inductance of each
i

F\s 4

ring im 192 nH, so that the three rings in parallel give 64 nH,
suggeating that the L3'u in Fig. T are abvout 30 nE each. The other

L]
induetances shown in Fig. T are probably alsc of the same order of

magnitude. i

i
A nevw laser tube im presuntlylbning constricted with the intention
of reducing the critical curr%nt—limiting inductance L3. The

electrodes for the new tube ake 1 m long, and the current sheets

and electrodes are all formed' from the same piesce of metal as

e = ke
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|
¥
3
j

shown in Fig. 10. The secondary capacitors 02 are mounted so close

that they actually touch the plastic gas tube. The Ly inductance can be

F(:ium., \O.

modelled as a short-circuited tranmission line. According to
'Blt'g.ney_'ﬂ: Bl-na:y3, the inductive reactance of a short, short-

cirouited transmission line i1a

XL‘ — 2‘ "‘C%Nu (21‘!‘.2)

Since we are on a time socale i~'.'.'-:I!' tens of nsec, typical A is several

meters and { is a few om so We can say tan(x) ¥ x to get
i

H
Y. —_ .2-11'-& Za
L ,-—TI—

or !
|

- R 2o
R

LE = Mo 200
| 30

For a parallel plate trannn_iiasiun line, 7, is

Do = 277

@ |y

(1)

Premcie = dts kRl
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Thugé, the total inductqnﬁl nf:tha secondary discharge circuit is,
]
L(nw) = \ai=s, : (14)

whetre lengtha are in om. Putt:‘ing in nuwbers as shown in Fig. 10,
we get L = 1.8 nH, a vast improvement over the former design,
since now sach L3 is only .9 ?H as opposed to 30 nH, This
30-fold reduction of inductance could, according to equation
{‘5_}! increase current and lager-output by a factor of 5 or 6 to

300 kW,
|

- - -

The characteristic impudancclLf the transmission line umed here
i
is sbout 12 {%, For an example of a nitrogen laser driven by

& much lower impedance line qszc = .1 L) ses Geller et al.4

1

R et
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Fia. 196. Energy Level Diagram of the N. Hulk:uli_ The beavy [Eu.'lt}jérizm:itnl lines give
the electronic states: the short thinrer lines give the vibratiooal levels in ench of them. The four
levels a’, w, z, y whose heichts nhove the ground state are not known are indivated by broken lines.
The light broken horizectal lines ending io heavier lings at the right indicate-dissociation imits. The
short heavy horizontal arrows desjzasted Pr give the positions of observed predissociation limits.
For the disiociation energy the value O(¥:) = 7.373 has been assumed {see text). Two'ionization
Hmits are given (heavy beoken horizontal lines whole figure} corresponding to the two atates
3T, + gnd 33L* of Ma*.  To aveid.overcrowdiog of lines the highes members of the Rydberg series
leading to the two iooization limits have been omitted as have the v = 1 vibrational levels observed
for the Worley-Jenkins secies [sce Tanaka and Takamioe {1457)]. An emission Rydborg seriea
[Hopfield (331} and Takamine, Susa snd Tanaka (560s)] has been observed very close to Hopheld's
Bydberg series. The upper states of this series [pm?:lblr 1% . %) are not ahown.
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The dala for these curves were fuinished thiough the caurtesy of the Research Laboatary of the Coming Glass
Warlks, the Mational Bureau of Standards and the Lamp Development Laboralory of General Electric Company.
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L
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