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A soft-x-ray laser utilizing electron pickup by a stripped nucleus is proposed. A particular example
using electron exchange between hydrogen and an a particle is analyzed and is shown to produce in-
version between the Hej, and Hef, levels giving stimulated emission at 304 A. In this scheme the a
particles are swept along the target at the speed of light. The cross sections involved in the electron
pickup in a hydrogen target and subsequent collisional deexcitation are analyzed to ascertain the opti-
mum target thickness for population inversion. Also the effects of atomic collisions on the stimulated-
emission cross section are estimated (Doppler broadening). The dynamics of the beam including focus-
ing and space-charge effects are discussed. The stimulated-emission cross sections for a gas and a solid
thin-film target are calculated. For a 30-mA a-particle current and a 10-cm lasing length, we estimate

gains of 1.1 and 50, respectively.

I. INTRODUCTION

There has been considerable interest in recent
years in obtaining laser action in the x-ray fre-
quency region.! Recently, several workers have
discussed various schemes for x-ray lasers. Lax
and Guenther? proposed obtaining a population in-
version by using a focused mode-locked Nd :glass
laser at a power level =10'2 W on solid low-Z
targets. The intense pulsed laser field causes
tunneling of valence electrons into the conduction
band. In turn, these electrons in the plasma are
accelerated and ionize the core electrons, leaving
inner-shell vacancies and therefore a population
inversion. The experiment of Kepros, Eyring, and
Cagle® contained in its original inception the notion
of alaser-induced plasma “swept” at the velocity
of light, producing vacancies in the inner shell of
Cu atoms. The work of McCorkle®* proposes to
pass an ion beam through a thin target (e.g.,

AT +C—~A*" +C*). Because of the large cross
sections for the selective production of inner-shell
vacancies in the ions (or atoms), a population in-
version could be achieved. The ion beam is swept
along the foil at the velocity of light. A major
difficulty with this scheme seems to be the ex-
tremely short lifetimes of the inverted population
due to Auger processes.

In the present paper we analyze a new proposal
for the production of a soft-x-ray laser. The pres-
ent scheme involves passing a focused collimated
beam?® of completely stripped nuclei (such as He**)
through a target (such as solid molecular hydrogen
or a confined jet® of hydrogen gas) so as to effect
selective electron pickup in an excited state. For
example, in the case of He*" in a hydrogen target,
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the electron pickup goes mostly (at about 25-keV
ion energy) as

He'" +H,,~He,, +H", (1.1)

since the cross section for pickup in the 2p state

is larger than for the 1s state of He*. This will
result in a population inversion between the 2p and
1s states and stimulated emission of this 304-A
transition is possible. Since the spontaneous decay
time,” 74, is 1071° sec, it is necessary to sweep
the ions along the foil at the speed of light. In this
way, radiation emitted from the first ions can
stimulate radiation from inverted ions arriving
along the foil later. This may be accomplished in
several ways. The present scheme for stimulated
emission of soft x rays is attractive in its simplici-
ty and its extension to shorter wavelengths is
feasible. The largest source of uncertainty in
assessing the feasibility of the scheme lies in the
lack of adequate cross-section measurements used
in the calculation. (See, however, note added in
manuscript, Ref. 8.)

II. BEAM SWEEP, TARGETS, AND POPULATION INVERSION

There are several ways one might sweep the ions
along a target at the speed of light. The most
obvious way is to pass the beam between a pair
of deflection plates to which is applied a time-
varying voltage. If we place a target downstream
beyond the deflection plates and transverse to the
original beam direction, the beam may be swept
along the target at the velocity of light. There are
at least two difficulties with this method. Since
the beam will have different velocity components
parallel to the target (and the lasing direction) as
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different ions strike, there will be a large Doppler
shift with consequent loss in gain. However, it is
found on further analysis that a factor of c/v, is
lost in the gain (v, is the longitudinal beam veloc-
ity) compared with other deflection schemes.

An alternative arrangement is to have the target
again downstream beyond the deflection plates,
but parallel to the plates. This geometry has
several advantages (e.g., it eliminates Doppler
broadening associated with the transverse beam
emittance, improves the gain over the above
scheme by a factor c¢/v,, etc.) and will be dis-
cussed in a later publication.

A third possibility is a modification of McCor-
kle’s proposal which we shall analyze below. This
scheme, as well as the two mentioned above, suf-
fers because rather large ion densities are needed
at the target to produce adequate gain. Space
charge as well as the ion-beam emittance limit the
size to which a given ion beam may be focused.
However, detailed (numerical) beam-transport
analysis® indicates that the ion densities required
to produce an adequate population inversion are
possible using currently available ion sources.
For simplicity, we shall neglect such considera-
tions in the present paper and they will be con-
sidered in detail in a later publication. We analyze
the modified McCorkle scheme for several rea-
sons. Firstly, there are several possible ways
to overcome the space-charge effects. Secondly,
the first impression one gets of the beam dynamics
of this sweep scheme is that the beam hits the
target like water from a hose which is swept along
the target. This is incorrect and results in a
calculated gain/cm which is in error by a factor
¢/v,. In reality, the entire beam is swept up to
the target rigidly, but tilted at a small angle
(vo/c) with respect to the initial beam direction
so that the area of intersection of the beam with
the target is completely different from the “water-
hose” picture. Thirdly, many of the results ob-
tained here will be useful for other schemes we "
shall consider. With these objectives in mind and
armed with the foreknowledge that alternate “more
practical” schemes are possible (which we shall
discuss elsewhere) and which lead to similar re-
sults (with the c/v0 factor correction), we proceed
with the present study.

A well-focused collimated He*" ion beam travels
along the z axis between the plates of a parallel-
plate transmission line of length L and spacing
d as shown in Fig. 1. A pulsed electric field
E,=Equlz+c(t -t,)) - L], where u(£) is the unit
step function, is applied at z =L at time £,, and
travels upstream to z =0 with velocity ¢. In the
upper plate is a slot of width Ay and length ! which
allows the ions to exit a definite distance behind

the advancing wave front. (In the McCorkle
scheme, the target is placed in the slot in the
upper plate.) Beyond the upper plate the ions
enter a field-free drift region in which we might,
for example, space-charge neutralize the ions to
allow a “focusing” of the beam. The target, as
seen in Fig. 1, is placed parallel to the deflection
plates and a distance b above it. By choosing this
plate-target separation properly, ions which were
originally at the bottom of the beam on entry (at
%,=-3€) can be made to hit the foil at the same
time as the ions originally at the top of the beam
on entry (x,=+3€). This is because those at ¥,
= -3¢ exit with a greater velocity than those from
X =+43¢€. This prevents any loss of potential ex-
citation current due to having some ions arrive
at the target with a time separation greater than
7, and has a focusing effect. In addition, by having
the target above, the radiation will be farther re-
moved from the direction of the ion source. Again
the excitation is swept along the target at the
velocity c¢ in the upstream direction. As noted
above, alternative focusing schemes will be dis-
cussed elsewhere.

We shall consider two different electron-pickup
arrangements. The first will consist of a solid
molecular hydrogen target of thickness 8. We find
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FIG. 1. Possible deflection, pumping, and focusing
arrangement for obtaining x-ray laser action. A focused
He™" beam travels to the right with velocity v, between
the plates of a strip transmission line with separation d.
A pulse of amplitude E, =V,/d is launched on the line
from the downstream end which travels to the left at the
velocity of light and deflects the ions upward. The last
ion reaches the upper plate (and the target) at a time
1/c later than the first ion separated by a distance I
from it. A small slot in the upper plate allows the ions
to enter a drift region and strike a hydrogen-gas-jet
target a distance b above the upper plate. We show the
focused beam just as the first ion strikes the target.
Lasing occurs in the upstream direction.
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that the thickness which maximizes electron pickup
in the 2p state as opposed to competing processes
is such that 8 <V, 7., where V, is the ion velocity
in the target. This has the advantage that the
“pumped” ions exit from the target before radiating
and there is no absorption of the x rays in the
target. However, this scheme has several dis-
advantages. The foil thickness needed to maximize
inversion is so thin that such foils will be difficult
to make, yet they are thick enough so that com-
peting processes such as double-electron pickup,
de-excitation collisions, multiple scattering, etc.,
are sufficient to cause some reduction in gain.

In addition, the foils will be destroyed by the ions.

To eliminate these difficulties, we shall also
consider a target which consists of a gas jet of
atomic or molecular hydrogen. We adjust its den-
sity to maximize one electron pickup in the 2p
state in a spontaneous decay length, V,7,. It is
found that for the optimum density, multiple scat-
tering and other competing processes are reduced
with a net gain enhancement over the solid target.
In addition, we do not have the complication of
making thin foils, and repetitive pulse operation
becomes possible. One minor disadvantage is that
there is a small amount of x-ray absorption in the
gas, but it appears negligible'® at the optimum
density. We proceed to analyze the above scheme
in more detail.

We first calculate the number of excess ions in
the 2p state per unit volume which exist at a par-
ticular instant of time on traversing the target.
Let i be the total He*" ion current entering the
transmission line. Then ¢ /2e, where e=+1.6X107"°
C, will be the number of He*" ions/sec which
cross a given plane. These are swept up by the
pulse to the target region. In traversing the tar-
get, a fraction AP excess 2p He" ions are created.
If v, is the longitudinal velocity, then in a spon-
taneous lifetime the total excess number of excited
ions is ic7y/2ev,. They occupy a volume
AY(cT ) (Vo T)=AXxAYcT,, where Ax and AY are the
excited beam widths in the x and ¥ dimensions,
respectively, and V,, is the ion velocity transverse
to the target so that the excess population density
is

N,y —7,)= iAP/2ev AXAY, (2.1)

where N is the total number of ions and 7,, and
7,s are the rates which ions are created in the 2p
and 1s states, respectively.

III. BEAM DYNAMICS

A pulse is launched on a transmission line from
z =L at time ¢, given by

E =Equlz +c(t—t) - L], (3.1)

where u(£) is the unit step function. It travels up-
stream with velocity ¢. The ith He** ion enters
the transmission line at time £; with velocity v

in the z direction so that for {>¢;,

z;=v(t-t,). (3.2)

This ion meets the leading edge of the pulse at
time ¢;,, given by

tim=(L +vt; +cty)/(c +v). (3.3)

The acceleration in the x direction for {>{,,, is
given by

d*x ek
~Z 24 270 =
2 "o - % (3.4)

where the proton mass M =1.67X107%2" kg, The
velocity and position for £>¢;, are

dx;/dt =a(t ~ t, ), (3.5)
x,=x0+§a(t—t¢m)2, (3.6)

where x, is the x coordinate of ion ¢ on entering.
For simplicity, we neglect any initial velocity in
the x direction.

At time t;,, ion ¢ reaches the slot in the upper

plate located at x;(t;,)=x, =3d and exits. This time
is given by

Lo =tim+{(2Md/eE )1 - (2x,/d)]} /2. (3.7)

The square-root term is the time it takes the ion
to reach the upper plate after it meets the pulse.
When the ion exits its longitudinal position is given
by

v
Zi(tie)EZlez —C_+—U [L +C(t0 _ti)]

d 2% 1/2
“ _ %%
+ 5 <1 7 > , (3.8)
where
a=(eE d/2Mv2)/2, (3.9)

We may alternately express {; in terms of {;, from
(3.7) and (3.3) and reexpress (3.8) as

Zio=—Cli,+L+cty+(c+v)d/va)
x[1 - @x/d)]2,

which shows that 8z,,/0f,, = ~c, so that ions are
swept along the upper plate at velocity c¢ in the up-
stream direction.

Consider now ions entering with velocity v =v
located at x,=0. To utilize the pulse most effi-
ciently, we would like the first ions to exit at
z;,,=L. From (3.8) this requires that they enter
at time ¢, given by

(3.10)
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Ltc(ty—-t)=lc+vy)/v,] [L - (d/a,)], (3.11)
where
tan6,= a,= (eE,d/2Mv2) /2, (3.12)

We would like the last ions to enter at the time
the pulse reaches z =0. This requires that ¢; be
given by

L+c(t,—t;)=0. (3.13)
These ions, by (3.8), exit at
24, =d/a,=L -1, (3.14)

which defines I. If we use this in (3.11), we obtain
L +c(ty—t)=(c+vy)l/v,. (3.15)

All ions which enter with ¢;>¢, will exit at the
same z,, and will not be swept with velocity ¢. The
useful ions enter then between ¢, and {,, which by

(8.13) and (3.15) is given by
t, =t =(c+vy)l/cv,. (3.16)

From (3.13) and (3.15), we may parametrize the
particles entering between ¢, and ¢, by T, where

L+c(ty,—-t)=T(c+v )l /v, (8.17)

Here T =1 for ions that enter at ¢, and T =0 for
ions that enter at {,. With this notation we may
write (3.7) and (3.8) as

L v\ c+v, 1
= = _7r[—)=T"0 =
(0, %, T) =t + T<Uo> !

C
+{eMad/eE)1 - (@2x,/d)]} />

(3.18)
and
ze(vsxos T) =T<§—><“%2‘> l
+(d/)L - (2x,/d)] /2. (3.19)

Further, the velocity in the z direction when the
ion exits is unchanged (dz,/dt =v) while in the x
direction it is (Fig. 2)

) 1/2
e ya [1 - (—;"ﬂ =V siné, =v tané, .

dt

(3.20)
The magnitude of the velocity when the ion exits is

V=v{l+a2l-(@2x,/d)]} /2, (3.21)
The beam energy per ion when it exits is
U, =2MV? =2Mv? +eE d[1 - (2x,/d)]. (3.22)

Since this energy is not changed either in the case
of a field-free drift region or in a uniform magnet-
ic field region, this is the ion energy on entering

the pump region. For particles with entering
velocity v =v, on axis at x,=0, we have

Uy =2MV2=2Mv2 +eFod =2Mu3(1 + a2).  (3.23)

Also we have that the pulse voltage needed is

eEd=Uy02/(1 +a2). (3.24)

The beam now passes through a slot in the upper
plate of length ! and width Ay into a field-free
region. The ions travel in the field-free region
with unchanged velocity and their positions are

given by (£>t,)
x; =3d + (dx,/dt)(t - t,), (3.25)
z,=2,+0(t ~t,). (3.26)

At x;,=b +3d, the ions hit the pump region at time
t, given by

dax
t,=t, +b _EZE s (3.27)
and their position on the target is
dx
Zp=2,+ <1;b/dte>, (3.28)

Their angle is unchanged as is their z component
of velocity. As a result, all Doppler broadening
that exists when the ions hit the pump region is due
to the initial velocity spread in the beam when it
enters the system.

IV. EFFECTS OF VELOCITY SPREAD
AND BEAM THICKNESS

We assume the beam has a velocity spread of
%v,<v, and thickness 0x,=€ when it enters. From
Eqgs. (3.18)—-(3.20) and (3.25)—(3.28), we obtain
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FIG. 2. Path of ion in deflection and drift region.
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4 -
zp==cly+cty+L + <1+7>a L

X \:b (1 - 2—;%)_1/2 +d <1 - 2—;‘&)1/2], 4.1)

so that ions still sweep the target at velocity
6z,/6t,=~c. Also we have that

l
th=to+£_T<L><£_ﬂm>_

c UO C +v (4
-1/2 1/2
+a"u'1[b<l——‘12x> +d<1——-——92x> }
d d
4.2)

For ions with velocity v,, we easily see that if

we let b =d[1 - (¢/d)?]*/2, ions from Xy =—3€ will
hit the target at the same time as ions from x,
=+3€. In addition, they all hit at the same posi-
tion on the target. That is, the x dimension of the
beam is focused on the target. There is, of
course, no focusing as yet in the y direction which
could be accomplished in several ways. Space-
charge repulsion will tend to counteract this
focusing. However, in recent calculations® (on
other sweep schemes combined with focusing), it
has been found that (~25 mA) beam emittance
rather than space charge is the limiting considera-
tion. We will assume, for the purpose of the pres-
ent discussion, that some means of space-charge
neutralization in the drift region has been realized
and ignore space-charge effects.'! The effective
beam volume will then be determined by the geom-
etry and the method used to neutralize space
charge as well as the decay of the population in-
version. The variation in arrival time due to the
velocity spread is seen to be

|6t,] = (6v, /v )T/ (c +v,)], 4.3)

which will be short compared with the spontaneous
lifetime as we shall see.

We consider now a special set of design param-
eters. The cross section?~* for electron pickup
in the 2p state of He* is a maximum at 25 keV.
The Doppler broadening when the ions hit the tar-
get is given by

Aw, =(w/c)bv,=27bv /A, 4.4)
and for a spread in source energy 0E, we have
51)0 =é(5E/E)’I)0.

The ion beams involved® have an energy spread
8E =~1 eV which implies Aw, =4X10° sec™!, which
is also negligible compared with Doppler broaden-
ing due to scattering in the target as we shall see
later.

V. PUMP REGION

To determine the optimum target thickness 0
for 2p pickup, we first consider some of the elec-
tron pickup processes that occur as a He*™ ion
traverses either a solid-hydrogen foil or a thin
jet of hydrogen atoms or molecules. Let a refer
to the 2p state and b to the 1s state of He*. Let
P,o(x) be the probability of having a He*™ " ion at
X, Py, (x) the probability of having one electron in
any state @ of He”, and P (x) the probability of
having two electrons, one in state a and another
in state 8. The number of He** ions will de-
crease as it goes through the pickup regions if it
picks up either one or two electrons. The number
will increase if one or more electrons are stripped
off a He), or He,s. Since the cross section for
capturing one electron is larger than for capturing
two or for stripping, we have approximately

dP.
et D AqPpy= =\P,,, (5.1)
o

where the inverse mean free path is

Na=0o N, (5.2)
and 0, is the cross section for the process

He'" +H-He) +H", (5.3)

and N; is the number of atoms/cm?® in the target
region.

Let us estimate the 0,’s. Unfortunately, the
calculations of Schiff,’* Coleman and McDowell,*3
and McElroy*® are not too reliable at 25 keV. In
Table I, we list some of their results, Further-
more, the lowest energies studied experimentally
by Fite et al.'® only go up to about 40 keV which
makes comparison of theory and experiment diffi-
cult. In addition Fite et al. measured only o (total).
Pending calculations of the Landau-Zener™ type,
we shall therefore settle for the approximate values

0(2p,)=100%x10"!7 cm%atom,
o(1s)=1X10"'" cm?/atom, (5.4)
o(total)=500Xx10"'7 cm?*/atom.

We also have the question of molecular versus
atomic cross sections since in the case of solid
targets, we have molecular hydrogen whereas in
the hydrogen gas jet, we may have atomic hydro-
gen. Following the Tuan and Gerjuoy'? philosophy
and taking a molecular atomic binding limit with
corresponding Z.;~1.2, we find 0,(mol)= 3007a?
(where a,=0.524%x107% cm) as compared with the
early Brinkman-Kramers'® (BK) atomic value of
6007aZ and o, (mol)=0.37a2 as compared with o, (at)
=0.037maZ. Also 0, (mol)=4507a2 as compared with
o (at)=9007a2. Thus, o(mol) = 20(at). Also
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o(mol) and o(at) give approximately the same ratio
for (0, -~ 0,)/0,20.3 and thus yield about the same
population inversion.

In the case of solid molecular hydrogen with a
density of about 4X1022 atoms/cm?®, we have from
(5.2) and (5.4),

A, =400%X10° cm™?,
A =4X10° cm™t (5.5)
A=2000%X10° em™!,

In the case of the atomic-hydrogen jet with a
density of approximately 0.5X10'7 atoms/cm?,
we have

A =50 em™!, X =20.5 cm™!

’ s

A=250 cm™?, -6)
This corresponds to a pickup length (A;;)) for 2p
pickup equal approximately to one spontaneous
decay length V,,7,.

Next we consider the change in the number of
He} ions in traversing the target. We have

dP,,
d; ghapoo(x) - Z (Ygt‘*‘Agt)Pao
Bso

+ 2 ¥EPs,, G.7)
B=a

where, from (5.1),
Pyolx) =™ 2%, (5.8)

The first term represents the increase due to one
electron pickup as indicated in (5.3). The 7% terms
represent decay processes associated with one-
electron transitions from a to B:

Hel + X —~He} + X*. (5.9)

Since our He}, ion is moving with an energy of
about 25 keV and the binding of the electron to X
is a few electron volts, we may estimate the cross
sections for the processes indicated by (5.9) by
assuming the electrons and nuclei of X form a
plasma.’® [This would not be a valid picture for
the processes in (5.3).] The important process
then is

Hel +e—~Hej +e’, (5.10)
and we estimate this cross section to be?°

048 =107 cm?/atom. (5.11)
For the solid targets, we have

Ya=73=04,p=4%10° cm™! =y, (5.12)
and for the gas jet

y=0.5 cm™. (5.13)

The last terms in (5.7), 2;v§ Ps,, represent transi-
tions back to state a.

The terms -2 g AELPDL0 represent a second elec-
tron pickup

He* +H—-He+H" (5.14)
3

which involves a cross section of 8.5X107!7 cm?/
atom; therefore, for the solid target we have

A= A=36X10°cm™!, (5.15)
B

while for the gas jet,

A=4.3cm™. (5.16)

This is an important competing process. Other
processes not given in (5.7) are negligible.

Finally, for the solid target the inverse radia-
tive decay length is of order (V,,7,)™*~10%2 cm™*
and is negligible. However, it is significant for
the gas jet so that vy becomes

¥y=100 cm™*! (5.17)

instead of the value given in (5.13).
With these approximate values, . (5.7) reduces to

dpP, -
—‘17"‘“ =ae” M= (A +7) Py +7Ps,,

(5.18)
where a=a=2p and B=b=1s or vice versa. Thus,
the principal processes are one- and two-electron
capture and transitions between the 1s and 2p,
states. At x =0 we have that P,,(0) =0 and we easily
see that the population difference is

TABLE I. Cross sections in units of 10”17 em?/atom for processes (5.3).

McElroy? McElroy? Schiff®
(25 keV) (100 keV) (100 keV) Coleman and McDowell ©
o(1ls) 2.8 5.96 15 0.4
a(2s) 35.0 10.7 75 500.0
o(2p,) 55.1 18.1 75 500.0
o(2p,) 68.4 30.5 75 500.0
o (total) 246.0 154.0 200 1900.0
(O35, = 015)/0r 0.27 0.16 0.3 0.26

2Reference 12.

PReference 14.

“Reference 13.
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P,(x) -=P,(x)=AP(x)

_ﬁ -(A+2Y)x - Ax
TX-A -2y (e —em .
(5.19)

The population difference is a maximum when the
pump region thickness has the value

In[A/(A +2y)]

N - 2y (5.20)
For our solid target, we have

Xy =2 A, (5.21)
while for the gas jet

Koax 24.4%X107% cm. (5.22)

Since 2 A is impractical, we have from (5.19) that
AP(25 A)=0.1. (5.23)

For a gas jet with a thickness® of 1072 ¢cm, we have
by (5.19)

AP(107%)=0.05. (5.24)

Although we have lost a factor of 2 in the gain, the
improvement in Doppler broadening is significant
as we shall show next.

We have designed our system so that until the
ions enter the pump region, Doppler broadening
is negligible compared with homogeneous broaden-
ing. However, ion-ion scattering in the foil or
jet introduces a spread in velocities, Av,, in the
z direction which cause Doppler broadening.

We first estimate the Doppler broadening for a
solid target. The energy added to our He;,, ion
due to a single screened Coulomb encounter is of
order 2e*/4me,a,=20 eV =0U for an average im-
pact parameter of %ao. The velocity change this
causes is then

8V, = V,0U,/2U,~ 4.8 X10* cm/sec. (5.25)

For a 25-A-thick solid target, we should increase
this by a factor ~(25)!/2. This leads to a Doppler
width of approximately

Aw, =270V, /AS 10" sec™?, (5.26)

which should be compared with a homogeneous line-
width of 10'° sec™?.

Next we estimate the Doppler broadening for a
gas target due to a charge-exchange collision. The
relative velocity in the lasing direction is given to
a good approximation by

v (b) = (e¥/Ame v b) sinb,, (5.27)

where 0, is the angle the incident ion makes with
the target, b is the impact parameter, u is the
He-H reduced mass, and v,=210° cm/sec is the

“beam” velocity. If the beam cross section is
o=nb?, it is reasonable to assume that the proba-
bility distribution for b is

(27bdb/mb%, b<b,,

P(b)db = (5.28)
0, b>b,,.
This gives for the average of v
(v)=(2e*/4me b, uv,) sinb,, (5.29)

which may be rewritten in terms of the Bohr radius
a, as

(v(He™))= L. S
4me,a, 3myv: b, ° 0
_26eV a, .
= 35 keV b v,sinf,. (5.30)
If we let b, =5a, (see Ref. 8), we find
(v(He"))=2%10"sind, cm/sec, (5.31)
for a Doppler width of
(Awp)~2%10'° sec™? (5.32)

for 6,=30°.

VI. GAIN: EXAMPLES AND DISCUSSION

In the Appendix we calculate the net linear gain®
for a solid target in which the Doppler width
(Aw, =10 sec™') is much larger than the radiative
width (Awg =10'° sec™'). By Eq. (A40),

\1/2 P
Gmhd = [E' <’1n_2'> A2 Aws,LAP ZK]l
4 m
(6.12)

Awpev, AxAY
For a gas target for which Aw, =2X10' sec™*
we have by Eq. (A39),

Con {3(9&)‘%5&

]

4\ 7 Aw,
iAP 52
x P, (1+erfB)—2Ki1l (6.1b)
ev,Ax AY
and
go Un2)2(, =) | (n2)'/°r, 6.2)
Aw, Aw, : '

Let us consider the maximum lasing length con-
sistent with ignoring diffraction losses. The dif-
fraction angle associated with a source of physical
extent Ax =V, 7,=0v,0,7, is, of course,

0=X/Ax. (6.3)

Radiation from the downstream end of our lasing
medium will spread over a distance Ax in a length
I, given by
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Ax =1,0, 6.4)

and the maximum (lossless) diffraction length is
then given by the familiar expression

Iy =(Bx2/A=V2 T2/, 6.5)

which, in our case, is approximately 10 cm. We
may therefore neglect diffraction losses.

In the case of the hydrogen jet target, there will
be some x-ray absorption. The absorption cross
section'® for 300-A x rays in H is 2.78X1071? c¢m?
so that for a gas jet of density 5X10® atoms/cm?,
the loss per cm is

k=0N;=1.39X1072 cm™". (6.6)

For the 2p-1s transition in He", x=3x10"% cm
and the spontaneous linewidth Awg =10'° sec™. For
a solid-hydrogen target 25 A thick, Aw, =102
sec”! and AP =0.1. We take for our focused beam
Ax =V, T7,=25.5%X107% cm and Ay = 1072 cm. We
also have v;=9.8%X10" cm/sec. The homogeneous
linewidth is 10'° sec™ s0 v,,/Aw, <1 (see the
Appendix). For a 30-mA beam 10 cm long, (6.1a)
yields a gain of 1.10 for the solid target. For a
gas jet, AP =0.05 and Aw, =2X10' sec™!, the
gain is by (6.1b) 47. By (6.5) we see the absorp-
tion is negligible in the gas target. These corre-
spond to e'''=3 and ¢*"=2.6 X102 x-ray quanta,
respectively! Of course, this means the linear
theory is no longer valid. With the gas target,
repetitive pulse operation is possible.

Ion currents in considerable excess (orders of
magnitude) of 20 mA from a duoplasmatron®'??
are readily available. The 25-keV beam energy
is dictated by the accidental resonance between the
1s state of hydrogen and the 2p state of helium
where the cross section is a maximum. The
focused beam area, Ax Ay =5.5X107° m?, is op-
timistic but reasonable (as suggested by recent
calculations®) and could be relaxed due to the large
gains. These and other problems will be dis-
cussed elsewhere.
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APPENDIX: LASER GAIN WITH §-FUNCTION PUMPING

In the present laser scheme ions are pumped
into the 2p and 1s states as they intersect the tar -

get at the velocity of light. In this appendix we
calculate the gain for such a 6-function pumping.?

We consider a two-level “atom” with states a
=a,b. The density matrix obeys the equations of
motion

z . (PE
atpaa:/ra6<t"—c-)_7apaa—l (7}(9@ _pba) s

(A1)
y z . (®RE
atpbb:ybb(t_z> =YoPp+1 (“hf‘) (Pap =Psa)
(A2)
. . (CE
atpab: _(Zw+rab)pab—7’ <?) (paa _pbb) ’
(A3)
Poa =P - (A4)

Here 7, is the fraction of the number of “atoms”
pumped into level @, @ is the dipole matrix ele-
ment between states @ and b, E(z, t) is the electric
field, y, represent the atomic decay rates for
level a, T, =5(y,+v,) +T2, and Zw=¢, —€, gives
the energy-level separation between levels a and
b.

The macroscopic polarization is given by

Pz, t)=N(Pfﬂo dwo(w)

X[Pa(@, £, @) +py,(2, £, )], (A5)

where N is the number of “atoms” per unit volume
and o(w) is the atomic distribution, which for
Doppler broadening we take as the Gaussian

o(w)=0,e? in2(w=")%/( Bwp)2] ,
0,= (2/A<.L)D)(1n2/11.)‘/2 s (AB)

where Aw,, is the full Doppler linewidth at half-
maximum.
The electric field obeys the wave equation

9%E 1 9%E 8E 92p
922 " F o M7 57 “Hogir (A7)

We look for the so-called zero-phase solution
of the form?

E(z, t)=8(z, t)cost ,

(A8)
P(z, t)=S(z, t)sind ,
where
O=kz —vi=v[z/c-t] . (A9)

Although more general solutions exist, this one
represents a stable solution as shown in Ref. 21,

We make the usual slowly varying amplitude and
phase approximation in which
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where the loss/unit length is
ﬁ«ké’; §—<<kS, / gt
0z 0z
08 as K=0/2c€, . (A12)
§<<1/8, 3 < vS . (A10)
. We must solve for the polarization S(z, ).
AT d t ’
In this case, (A7) reduces to By (A3), (A8), and (A9), we have
08 08 _ v
a+c Y] +k8 = ZC€0 S(Z, t), (All)
J

¢ . ,
PROE -(i(P/h)J At §(1") paat’) = pyy(t)] cos(kz — vt')e~ (3@ Tap)(t=t") (A13)

0

If we make the usual rotating-wave approximation, this reduces to

; t

Pap(t)= - 15%) eiej A8 (t)[Pag(t’) = pyy(t)] e H(W ) *Tap1e=tD) (A14)
0

We next put (A14) and its conjugate into (A5) and use (A8). We find that
N2 [ ¢ ’
Pz, 1) ZTJ dw o(w)f dt e Tast =t 8(#) p,u(t’) = pps(t’)] [sinbcos(w — v)(¢ = ') + cosb sin(w —v)(t - t')] .
-0 0

(A15)

However, o(w) and p (2, t, w) are even functions of (w —») so that the last term vanishes. Comparison
then of (A15) and (A8) shows that

Ne? ' :
Sz, )= _f;ﬂj dwo(w)j dt' e Tak =t 8(1) p o (t') = p pylt')] cOS @ = V)(E = ') . (A16)
-c0 0
In order to proceed, it is convenient to define the quantities
XoaZ, t, T)= f dw 0 (W) P (2, t, w)cos(w -V)T, (A17)
where @ =a,b. Then S(z, {) may be expressed as
NO? [t r
S, )= S [ 4 Tl 080, 1)uule, 1yt ) = (e, 1 1) (a18)
0
To obtain p,,, we use (Al4) and its adjoint and (Al) becomes

2 t
=720 (1 2 )b T 8 Dcomt [ a7 e Tk 6N o) =t o0 0 —0)E =)
0

at
(A19)
We again make the rotating-wave approximation and obtain
apaa _ z (PZ ¢ 1 =T (t=t") ’ ’ ’ ’
—a—t-_raé t_z ~YePa = 33 é’(z,t)f dt’ e "ab SN pa(t) —=ppy(t’ )] cos(w —v)(E=t) . (A20)
0
Similarly, we find
2] z @2 ¢ ;- —t! ’ ' ’ ’
T <“z> ~voPut g5 6 t)f dt’ e Tasl =0 (1) p 4y (t') = pyy(t')] cOs(w — W) (t = 1) .
0
(A21)
Now from (A17) it follows that
9 « 9
—5){2‘3‘3 (2, t, T)=f dwo(w) g;t“g cos(w —=v)T . (A22)

If we use (A20) and the definitions (A17), we find



998 LOUISELL, SCULLY, AND McKNIGHT 11

3 z ®* ‘ ~Tap(t=t’
o 5 (t— ;> 8T =Y oXaa = 55 g(ﬂfo di’ e~ Tl g (¢)

X J, dw (W) Pz, ', w) —=p a2, t', w]cos(w — v)(¢ - ') cos(w = )T . (A23)
Here we have let
g(T)= f dw o(w)cos(w - v)T=e [(AwpD?/16m2] (A24)

where we used (A6). If we use the identity
cosAcosB=3%cos(A+B)+3cos(A - B)
and the definitions (A17), (A23) may be written

Xaa _ Z e b =T (t=t") o
ot —’}’a6 <t—-c>g(T)_7aXaa":1‘ﬁg(t)J(; dt'e™" ab é’(t)

X[ xaa(t!, TH+E=8) +xqalt’, T =t +1") = xpp(’, T+t =t") =X (t", T=t+1)] . (A25)
r
The equation for ¥,, is obtained by simply inter- E=t-z/c, (A2'Tb)
changing @ and b everywhere in (A25).
We next linearize (A25). Then we have for a and
=a, b,
. B 1 for £>0
g?“ +Y aXoo = ad (t— ") &(7T) . (A26) u(§) = (A27c)
¢ 0 for §<0.

The solution is easily verified to be
We next substitute (A27) into (A18), which is the

- -7 o
Xaal@: 1, T)=7og(Te e ul§) , (A27a) driving term in (A11). We then multiply both
where sides of (A11) by 8(z, ¢) to obtain
9 -1 9 2 2
2t e +2k ) 8%(z, t)= (WN®? /fice )8 (2, 1)

¢
x] dt' e Taslt -t 8(z t')¥, e Va(t'=2/) _y e Vot =2/ ot _t"Yu(t' —2/C) .
o

(A28)

Due to the presence of the unit step function, the lower limit on the ¢’ integral becomes z/c. Also, if we
let

T (A29)
then (A28) becomes

—a—+c"1—é—)—+2K 8%(z, t)= (WN®*? [Tice )& (2 t)e’32
8z ot ’ 0 ’

§ 1/2y 2 1/2y2
Xu(g)f AT 82, t=THr,eVabe T8V 2y o1y Epma(T B/ aVBEL L (A30)
0

Here we have also used (A24) and let

B=(n2)"2(y, —-v,)/Awy
(A31)
a=(Awp)?/161n2 .

We have also let T'y , =30/, +7,)-
If we finally make the rate-equation approximation §(z, t —7)— §(z, t), then (A30) becomes
3

o a9 2 _3 (In2 1z 2 AWs 2 82 ~Y, E -7,k
(az +c o7 +2K>é’(z, t)= 3 <1r > A 2o, N8z, t)e> u(er,eVatl, —r,e” Vs L}, (A32)
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V2 =
0
12z ~o /2,2
1,,ez<%> fe'a””*/a Par
0]

and T, the spontaneous lifetime, is given by

(A33)

J

1n2

/2
§7,6)=8%0, )exp 5 (12) 73 S8 Mute )y oo, e o) 2]z,

2

where
_ 8% _ B2
J,=e® (L+erip), J,=e” (1 —erfp) . (A37)

Thus, the net linear gain coefficient in a length
lattime t=z/c is

3 (In2\¥?2 5 Awg
- e —2 N7, I, =7Vpdp) =2k |1 .
¢ [2 < m > A A(“"D N( aJa i b) K]

(A38)

Awg=Tg" = (w/c)’P?/3mhe, . (A34)

We have also used (A31) and have extended the up-
per limits in (A33) to infinity since the exponential

decays rapidly. We may rewrite [, and [, as
l,=1+erfB, I,=1-erfp. (A35)

The solution of (A32) is

(A36)

I

For our case, 7,<7%,. If we use (2.1), then

12 B2 ;
Gg[s <1n2> sz Awse (1 +erfp)iAP —ZK]l .

4\ 7 Aw pev,AxAy
(A39)
In the event 8«1, (A38) reduces to
3 /In2\Y2 , AwgiAP
¢= [Z <7> A Awpev AxAy 2K} b
(A40)
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