PHYSICAL REVIEW A

VOLUME 12,

NUMBER 2 AUGUST 1975
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It is suggested that coherent soft x rays can be produced by inverting the electron population in a suitable
target, such as Li, through irradiation with x rays generated by fast electrons traversing an electromagnetic
field (as in a storage ring). Conditions to be satisfied by target and radiation parameters are stated, and

examples given.

I. INTRODUCTION

Coherent x-ray sources would provide us with
an important tool in basic research and for indus-
trial applications. Coherent x rays could be pro-
duced through stimulated emission from a working
substance containing an inverted electron popula-
tion, e.g., from an assemblage of atoms with K-
shell vacancies. Laser photons have been used for
pumping,’ with varying success. Pumping with x
rays of energy just above the K edge® would offer
the advantage of high efficiency because (i) the
photoelectric cross section is large, and (ii) the
pumping radiation would be used directly, rather
than through an intermediary plasma.

X rays radiated by fast electrons passing through
an electromagnetic field could be suitable for
pumping. The electrons may be circulating in a
storage ring; the field may be the regular field
of the ring or an intense magnetic field inserted
in the path of the electrons to cause a sudden
“bend” or “wave” in their orbit,®>* or a radiation
field shaped by an optical element called the “tem-
plate” causing fast electron oscillations and as-
sociated x-ray emission.®

In the present paper, we examine the conditions
that must be satisfied for coherent x rays to be
produced through pumping with x rays, specifical-
ly with synchrotron-radiation pulses. We discuss
the suitability of Li and LiH as the active medium
and show that it may be possible to pump LiH
adequately with photon pulses that exceed by 2 to
4 orders of magnitude in intensity those now at-
tained in the Stanford Synchrotron Radiation Pro-
ject (SSRP), for example.

II. GENERAL CONSIDERATIONS

We consider a target (Fig. 1) containing “active
atoms” (the working substance) as well as other
“inert atoms.” The pumping x-ray beam travels
parallel to the z axis, entering the target at z =0.

12

We require that several conditions be satisfied.
(a) The coherence length of the emitted x rays
(i.e., the distance they can travel before the var-
ious Fourier components in the beam begin to get
significantly out of phase) must exceed the dimen-
sions of the target; otherwise x rays produced in
different parts of the target cannot be coherent.
When the index of refraction is ~1 and the target
dimensions are chosen as indicated at the end of
this paper, then this restriction is always satis-

fied.

When an approximately plane wave with wave-
length A, travels along the z axis and the extension
of the wave front along the x and y axes is a, and
a,, respectively, then the energy density of the
wave at the z axis will decrease appreciably after
the wave has traveled a distance ~a2A;! or a’A;?,
whichever is smaller. Therefore, focusing such
a wave on a spot at z =3d,, we require

d,smin(aZ/A g a2/A,) . 1)

(b) Photons of the stimulated-emission energy
E,, traveling in the 2 direction, are absorbed with
a total cross section 0;; by inert atoms, of which
there are p; per unit volume, with o,, by active
atoms in their ground state (o, per unit volume),
and with 0, by active atoms containing a K va-
cancy (of which there are py per unit volume):

AN(E)/dz == (p;0,; +Ps01a+Pp0k) (2)

where all cross sections are evaluated for the en-
ergy E,. If o, is the stimulated-emission cross
section, N(E,) will increase as

dN(Ey)/dz =pgo, , ®3)

and there will be a net increase if Eq. (3) exceeds
Eq. (2). If almost all active atoms contain a K va-
cancy (p,=0), this condition is

Pg9s=(p;04; +Px0,x)B, B>1. (4)

(c) The number of x-ray photons emitted per
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unit target volume in a short time interval Af by
spontaneous K-vacancy decay is pyAt/Ty. Each

of these photons can stimulate the emission of
more photons, which in turn can cause further
induced emission, etc. Photons from spontane-
ous decays are emitted randomly in all directions.
A few, with momentum parallel to z, have a chance
to produce a strong coherent x-ray pulse by deex-
citing atoms all along the target. Most, however,
leave the target “sideways” after traveling only a
short distance. They are undesirable, because by
deexciting some atoms they reduce pg. The num-
ber of these undesirable deexcitations must be
kept small. If the exponential increase of photon
number along the path of each undesired spontane-
ously emitted photon can be approximated by a
linear increase, then the number per volume ele-
ment of photons produced in Af by undesirable in-
duced emission is (Af/Ty)p%0,d (where d is the
average distance in the target traveled by the un-
desirable photons). We wish to insure that this
quantity is much smaller than pg. For a long

thin target, with d of the order of d,, we require
(At/T)pgosd, << 1. The probability of a randomly
emitted photon traveling the whole length of the
target is ~(d,/d,)d,/d,)(4m)™!, hence we also re-
quire (4m)'wg(prd,d,d,)d 4, /d%)< 1. We also
want to keep the number of spontaneous deexcita-
tions during A¢ small, i.e.,

AL/Tp<< 1, (5a)
It follows that we need
€=pgo,d, <1, (5b)

If At is so large that inequalities (5a) and (5b) do
not hold, then a non-negligible fraction of all K
vacancies is filled by undesirable processes.

(d) The pumping x-ray photons have momentum
-IEO parallel to the (v, z) plane, and the angle be-
tween Eo and the z axis is 6 (Fig. 1). The path
length of unabsorbed pumping photons in the tar-
get is ~d,/sinf. We neglect spatial variations of
P;, Pq, and py within the target and assume that
only a small fraction of all pumping photons is
absorbed. Then during one passage through the
target, a pumping photon will augment p, by
creating p,0,d,/sinf K vacancies, where 0, is
the appropriate photoionization cross section.
Let 7, be the duration of a pumping photon beam
pulse, for which we assume the beam intensity
to be a step function in time. The number of
pumping photons per unit volume and unit time
(during 7,) is N,(d,d,d,7,)7}, so that we have

—5—;)—“ :%% =-§:(drdyd.=:)"1 a:jépady(s'lnb')-l ’ (6)

where 0, is averaged over the energy of the pump-
ing photons. We have neglected unwanted spon-
taneous decay, in accordance with condition (5).
Let pumping start at £=0, then we have the bound-
ary condition p(0)=0, with which the solution of
Eq. (6) is

pK(t)=pa(0)[1"exp(_Nyapt/dexszine)] . (7)
The condition pg(0) =0 implies
04(t) +px(£) =p4(0) . (8)

If at some time Af a K vacancy exists in almost
all active atoms, then p,(Af)/pg(At)< 1. Using
Eqgs. (7) and (8), this can be rewritten

6 = exp(- N,0,At/T,d, d, sinf)< 1,
ifd,/sin6sd, . (9)
(e) After one photon of the right energy E, en-
ters the target with momentum Eo parallel to the
z axis, the number of photons with the same ener-
gy and momentum will increase exponentially due
to induced emission. At z=d, we have
N(E,, Ky, 2) =expl[~ p;04;(E,) = po 014(E,)
- Px9:x(Ey) +pKas]dz} . (10)
If p, can be neglected, then
N(Eo, -Eoy ’Z) = exp{[pK(Gs - UtK(Eo)) _pioti(Eo)]dz} .
(11)
The device will produce significant amplification
if
f =InN(E,, k,, 2)
=[pl{(us"'UtK(Eo))—piGti(Eo)]dz>> 1 . (12)

Clearly, this implies the condition expressed by
Eq. (4).

In the above discussion, it was implicitly as-
sumed that the photon under consideration passes
through the target with certainty: a, <d,, a,<d,.
When this is not so, then p must be replaced in
all of the above equations by p.;, the “effective
density” (seen by the photon). For example, if

FIG. 1. Orientation of the target and momentum 1:0
of incident pumping photons, in the x,y,z coordinate
frame.



a, <d, but a,>d,, we have p, . =d,a,;'p,. Similar-
ly, px and p; must be multiplied by d,a;* to obtain
their effective values.

The cross section for stimulated emission is

AZ T"'l
~. Q0 _'rad

% =4t Ay, (13)
If the total linewidth Ay, is determined by the
Auger and radiative widths of the K-vacancy state
alone, then 0, can be expressed in terms of the
K-shell fluorescence yield wy as

Oy = (A2/2mwy . (14)

III. WORKING SUBSTANCE

To satisfy conditions (1), (4), (5), (9), and (12),
we look for an atom with a relatively long K-va-
cancy lifetime 7,. For atoms with more than three
electrons, we have 7, 5107 sec.® However, an
isolated Li atom with a K-shell vacancy has a
mean life of 500 psec for the two-photon 60.7-eV
E1 decay from the 'S, state”"® and a mean life of
50 sec for the M1 decay from the %S, state?; Auger
transitions are impossible, whence w;=1. We
find 0, =5x107!% cm?® near 60 eV.° When the atom
is not isolated, the effect of neighboring atoms
must be taken into account. We consider three
special cases.

A. Lithium gas

In a pure Li gas, we have p; =0, and the K-va-
cancy lifetime 7, is governed by the collisional
deexcitation rate, i.e., by the density. The aver-
age distance traveled by a Li atom between colli-
sions will be

lcoll e = [(pa+pK)aUd] o ) (15)

where a0, =107'° @ cm?® is the maximum cross
section (over the velocity range of interest) for
filling a K vacancy by collisional deexcitation;

a is of order one. Furthermore if deexcitation
in collisions between ions and free electrons is
taken into account, it is found that very low den-
sity px<4x10"(apB)™* cm™ and an unreasonable
length d,~10° cm would be required to satisfy
conditions derived in Sec. II.

B. Metal

When the Li is located in a metal (either pure
Li, or an alloy), a 10-50% p-state admixture in
band electrons might lead to a radiative lifetime
of the order of 1 nsec; T; would be governed by
radiationless transitions; one could expect wy
~107%, but Av,,, would be large, and hence, o,
small [Eq. (13)].
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C. Lithium hydride

In most crystals, Tg is short, as can be inferred
from LiF Auger spectra.!’ The total lifetime will
be approximately determined by the Auger rate.
However, one would expect radiationless transi-
tion probabilities to be much smaller than in the
metal, particularly for ionic bonding, because Li
is an electron donor. In LiH, one may expect
wr~107% and T, ~107!3 sec, possibly longer. We
consider gaseous LiH in some detail.

IV. PUMPING OF LiH WITH SYNCHROTRON RADIATION

Let the pumping x rays be synchrotron radiation
from an electron beam of dimensions comparable
to those in the interaction region of the storage
ring SPEAR at the Stanford Linear Accelerator
Center. The rms width of the electron beam there
is 3X107% cm, while the vertical beam dimension
is smaller and depends upon the coupling between
modes of beam oscillation.’? We assume that the
angular divergence of the pumping radiation is
Af =1 mrad, as for the radiation from SPEAR
when the circulating electron energy is 1.5 GeV.
We take the spectrum of the pumping radiation to
be constant from 65 to 85 eV and zero elsewhere,
which can approximately be achieved with appro-
priate mirrors and windows. (The energy is kept
above E; so that the pumping radiation cannot in-
duce stimulated emission.) Then we have
G, =5%107"® cm? and T,; =1.5X107*® cm?® for the
inert H atoms.

For the dimensions of the LiH target (Fig. 1) we
choose d, =10d ,=3x10"%a'? cm, d,=8X10"a cm,
where @, of order unity, is defined through Eq.
(15). The extent of the wave front is a, =d, and
a,=d,."* The target contains LiH gas at a temper-
ature of 1700°K (at £ =0) and a density p,=10%°
X(2a)™ em™. The LiH is in chemical equilibrium
with H, of density py, = 102a™ em™. Calculations
show that under these conditions there is negligi-
ble ionization of the LiH, and the Li gas density
is only py; < 0.3a'%p ;.

The collision mean free path is [,~3.6X107%a
cm. The LiH gas density and the target dimen-
sions have been chosen so that the K-vacancy life-
time in LiH is not reduced by more than a factor
of 2 through collisional deexcitation.

There are 3.4x10%« LiH molecules in the target,
and ~1.7X10°x x-ray photons are needed to create
K vacancies in most of them.'* The photons must
be delivered in a time interval that is shorter than
Tg. A Gaussian x-ray pulse of duration 7, must
therefore contain ~1.3 x10" photons in the desired
energy range if 7, =10"!* sec, or ~1,3x10" pho-
tons if T, =107'2 gec.'®> At SSRP, the number of
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photons per 50-mA pulse in the pertinent energy
range is ~5X108, within 2 mrad for a circulating
electron energy of 2.5 GeV. This intensity falls
short, by 102~10*, of the necessary value to cre-
ate coherent soft x rays by the scheme we have
described. The synchrotron pumping radiation
intensity could be increased (i) by using only one
electron beam, and (ii) by operating at lower cir-
culating electron energies, if instabilities can be
avoided, which results in smaller beam dimen-
sions. It thus appears that this method of produc-
ing coherent soft x rays may become feasible in
the near future, particularly if equipment specif-

ically designed for this purpose3™® were available.
For materials with shorter A, the same consid-
erations hold, but because of the shorter 74, a
shorter At is required, implying higher N,/7,.
This line of thinking should encourage detailed
study of w, for elements such as Li, in various
chemical surroundings.
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