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Wide channeiing beam x-ray iaser
M. Strauss® and N. Rostoker

Physics Department, University of California, Irvine, California 92717
(Received 18 June 1990; accepted for publication 19 March 1991)

A channeling beam x-ray laser is proposed which is weakly dependent on the channeling
length. The scheme is based on applying Bragg reflections to direct the amplified radiation
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toward a longitudinal cavity dlrectlon which is transverse to the beam propagation. This
scheme implements a crystal distributed feedback cavity and is restricted to short radiation
wavelength of the order of the crystal unit cell dimension,

Channeling x-ray lasers are based on a relativistic elec-
tron beam which propagates through axial or planar crys-
tal channels and populates transverse bound states.' Tran-
sition between these discrete states yield narrow width,
strongly forward peaked and tunable x-ray radiation.? The
emitted radiation is limited by the range of the channeling
length /,, which is the length the beam particles stay in the
bound channeling states. This length is affected by the par-
ticle interactions with the crystal and at room temperature
its value can be of the order of 100 um. In a single pass
x-ray laser! the amplification length is limited by the chan-
neling length and the requirement on the gain or beam
current density is increased. In a distributed feedback con-
cept based on multiple Bragg reflections of the radiation in
the beam direction,’ the channeling length limits the cavity
longitudinal dimension.

In this letter we propose a scheme which is weakly
dependent on the channeling length. The scheme is based
on applying Bragg reflections to direct the amplified radi-
ation toward a longitudinal cavity direction transverse to
the beam propagation (see Fig, 1).

Two sets of crystal planes for Bragg reflections are
considered. In Fig, 2 the first set of planes parallel to the
z-y plane are presented. The channeling planes are parallel
to the z-x plane. Primary radiation with wave vector k, is
emitted in the beam direction. The primary wave is tuned
so it can be Bragg reflected from the z-y set of planes and
form with the reflected wave k; a two-beam Borrmann
mode. This mode generate a standing wave with nodes on
the atomic sites in the x direction and an energy flow in the
+ z direction (see Fig. 2). The second set of planes par-
allel to the x-p plane are presented in Figs. 1 and 3. This set
Bragg reflects the radiation waves k; and k, to form the
waves k, and k;, respectively. The sum of the waves k; and
k, generate a two-beam Borrmann mode with standing
wave in the x direction and a reflected energy flow in the

— z direction. Thus, the z-p planes acts as Borrmann
planes and direci the energy parallel to these planes. The
x-y planes couple the radiation flowing in the =z direc-
tions and acts as an effective mirror structure with distrib-
uted feedback and generate a standing wave in the z direc-
tion.* That is, standing waves are generated in the x and z
directions with nodes on atomic sites and the absorptions

*)Visiting Scientist on leave from the Nuclear Research Center, Negev,
P.O. Box 9001, Beer-Sheva, Israel,
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located close to the sites are strongly reduced.>® The trans-
verse dimension of the cavity, a, is selected to be of the
order of the channeling length, a </, sin(8). The channel-
ing length limits only the transverse dimension of the cav-
ity. The longitudinal cavity dimension, L, can be scaled up
by many orders of magnitude by increasing the transverse
dimension of the channeling beam independent of the
channeling length. In the following we analyze the condi-
tions to obtain amplified radiation modes with very low
threshold gain.

We consider a two level system of channeling bound
states |1) and |2), where W, and #iw, = €, — €, are the
population and energy differences, respectively.® The
Doppler up shifted radiation, @ = /(1 — v/c)
~ 29%w, with v as the beam velocity, is emitted in the k,
direction and is tuned to closely match Bragg refiection
conditions with the two sets of planes parallel to the z-p
and x-y planes (see Fig. 3). The reflected radiation fuliills
the Bragg relations: k, — k; =7, ks — ky = 7, kK = — kg,
and k, = — k,, where 7, and 7, are the reciprocal lattice
vectors representing the set of planes z-y and x-y, respec-
tively. For crystals like diamond or silicon the emitted
radiation wave length is of the order 5 A and for wy = 3 eV
the beam energy is 10 MeV.

We consider the electric field of the radiation as a lin-
ear combination of the four partial traveling waves
€ expl — iw(r — kyr)], where i =1, 2, 3, 4, ¢ is the
slowly varying part of the fields, &= k/k and |k;| =
= w/c. By applying the Maxwell-Bloch scheme for the ra-
diation field and the polarization of the particle states a set
of coupled equations for the partial fields can be obtained.*
The coupling between the fields is due to the periodic re-
flection and absorption functions, and the set of four field
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equations can be written for €, where /=1, 2, 3, 4, as:*7
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FIG. 1. Wide beam x-ray laser scheme.
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FIG. 2. Two beam Borrmann mode.
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8t€’+k Ve, + (vg— g€+ V€
+,1}‘€,'__1 +U;€,‘+2=0 (1)
and / + 4 = i. Here vy=pq + ixy + i8, where pq and vy

are the average absorption and reflection coefficients, re-
spectively, and 6 is the detuning of the waves from match-
ing the exact Bragg condition for the reflection planes. For
i=1,3 v;= v, and v/= v,, and for i=2,4 v;= v, and v/
= v, wherev,= u, + ix,and v, =p, + ik, The factors
U, and k, are the resonance absorption and reflection coef-
ficients, respectively, due to the periodic set of planes z-p.*
In a similar way we define u, and k, as absorption and
reflection coefficients, respectively, relative to the set of
planes x-y. The factor v} = v, v=p + ik, where p and « are
the back reflection and absorption coefficients, respectively.
For simplicity v/ is taken independent of i. The partial
wave frequencies are detuned relative to the particle tran-
sition frequency as A;= w(1 — v-k/c) — wg The reso-
nance condition is applied for the K, wave, where
|v-ks/c| = v/c and A; =0 or = wy/(1 — v/c). The other
waves are out of resonance and A;~®. Thus the only in-
teraction of the radiation with the beam is with the k, wave
and the gain factors can be written as g;= g'5,.}

The system at threshold is represented by the set of
equations, Eq. (1), at steady state.®> We use the transfor-
mations x/¢, — x, z/¢, — 2z, where ¢,=sin6@ and
¢,=cos 0. We further transform € to ¢ exp[g(x
+ 2z)/4] and define the four field variables as
€. = €,*¢, and €}, = €;%+¢,. The main spatial variations
are in the narrow transverse x direction. The longitudinal
variations in the z direction are small, and for Lsa the

beam direction

FIG. 3. Orientation of the four radiation waves.
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derivatives with respect to z can be ignored in Eq. (1). The
following set of four coupled equations €', , €'_, €', , and
€'_ are obtained from Eq. (1):

d g g
(5;+ UO_ZiUx) € —;E';c + (v£v,)el =0, (2a)
d g8, g
( ik b vx) €, — 1€ eh + (vEv,)elL=0. (2b)

Ta ohtain the
ain tl

To oht modes with the lowest threshold gain we
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transform the set of four wave equatlons, Eqgs. (2a) and
(2b), to an approximate set of two effective waves. The set
of coupled two waves are>*

s A ~\

(ax—!—vo——;)eT—{—ve‘:O, (3a)
a g ) t

( ax+vo—§e+v¢s=0, (3b)

where vy = pg + ikg + i8, v=p + ix. Here py and x, are
the average absorption and reflection coefficients, respec-
tively, and p and k are the Bragg coupling resonance terms
due to the periodicity in the absorption and reflection func-
tions in the x direction. The gain factor g represents the
amplification only in the forward, 1, direction. The bound-
ary conditions are €(x = —a/2) = 0 and €'(x
= a/2) = 0and no external radiation sources are assumed.
Following the treatment in Ref. 4 in the limit of strong
reflection we obtain for the selectivity & and lowest thresh-
old gain g that

2 6 172
5= —Ko K2+ (——[Jo) (4)
g K - 3 5
2= T ¥ ko) (” [(u2+x2)a3])' )

In the following we use the two wave solutions, Egs.
(4) and (5) to obtain the selectivity condition and the
threshold gain for the four wave case. The lowest threshold
gain is obtain for |€,{ = |€,| = | €| = | €], with the bound-
ary conditions €.(x = —a/2) = 0 and €.L(x
= a/2) = 0 and no external radiation sources. Two pos-
sible cases are considered in the following with low absorp-
tions: the case €; =€, and the case ;= — €.

Case A: €;~¢€,. For this case €', > €' and €', > €'_,
thus (8/9x)e'_ and (3/9x)€'_ can be ignored in Egs. (2a)
and (2b). From the set of four equations we can solve for
€'_ and €' to obtain an effective two wave coupled equa-
tions for €', and €', of the form of Egs. (3a) and (3b). In
the strong reflection case we obtain from Egs. (4) and (5)
the threshold gain g and the selectivity 8 for this mode

=2( o+ fy — p; — i) + 12( ¢/a)3/(k +1,)*,  (6)

and8, = — kg — Ky + K, + k, whereweuseda — a/¢,and
¢,=sinB,. For this mode €, = —¢€)\ or
€~ — €~ — €,~€,. The first term in g, represents the
reduced absorption for ug =~ pu, =~ i, =~ U, and is generated
when standing waves in the x and z direction are generated
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with nodes on the atomic sites.” The second term in g, is
due to reflections* and can be written in terms of the chan-
neling length by replacing ¢./a by 1/1,

Case B: €;~ — ;. Inthiscase ¢'_> €', ande'_» €',
thus (9/9x)e', and (3/9x)€', can be ignored in Egs. (2a)
and (2b). We can solve for e'+ and €', to obtain an effec-
tive two wave coupled set of equations for €' and e of
the form of Egs. (3a) and (3b). For this case two possible
modes are obtained with relatively low absorptions. Using
the two wave solutions, Egs. (4) and (5), the first mode is

G=4( o — tx — py + 1) + 12(d/2)%/ (6 — k)2, (7)

and 8,= — ks + Kk, + Kk, — &, where for this mode €'
~ e orex — ez — €y
The second mode is

83=2( o — py + pr; — ) + 12(¢/0)/ (k — k)*,  (8)

t

and 8; = — kg + K, — K, + Kk where e’ ~ — €' or
El=E= — €32 — €

The three modes, Egs. (6), (7), and (8), possess low
threshold gain due to absorptions for g = p, = u, = u, be-
cause of the near cancellation of the absorption coeffi-
cients.” This result is characteristic of the Borrmann effect,
where standing waves are generated with nodes on the
atomic sites which drastically reduce the radiation absorp-
tion.> In crystals with low atomic numbers, e.g., LiH,
po~10 cm ~ ' and the Borrmann effect cancellation of the
absorption can be 107 °u, and a threshold gain due to
absorption of 2% 10~ 2 ¢cm ~ !, The term in the threshold
gain due to reflections depends on the transverse dimension
of the cavity a, the strength of the back reflections «, and
the reflections k, from the z-y planes. For the channeling

length [, = a/é, the threshold gain scales as (1//y)*. The
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lowest threshold due to reflection is obtained for the first
mode, Eq. (6), where x and «, are added. In this case for
kK = Kk,= 10" em~ ! and [;=90 um, we get g=5x10"2
em ™! and low threshold values can be obtained. For a
coherence length of 10 p, beam energy of 10 MeV a high
current density of 10° A/cm? leads to a threshold gain of
5x10~% em ™!, To reduce the high current density re-
quirement for a practical system a further effort should be
done to reduce the threshold gain.

It is possible to further reduce the threshold gain by
increasing the number of diffraction sets of planes which
satisfy the Bragg conditions simultaneously. In this case
standing waves are generated in several directions relative
to an atomic site, generating a larger nodal region around
the atomic sites and reducing the radiation absorption. For
some of the modes the effective reflection coefficient is in-
creased by adding up the reflections from several sets of
planes as in Eq. (6), and the threshold gain is reduced. For
these modes it is possible to further reduce the required
value of the channeling length.

This work was supported by NRL/SDIO.
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