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Physical Problems of X-ray Laser

Shen Ko

(Changchun Optical Instruments Institute)

#_ Evidently, in the 1960's soon after the diiggv of laser, the study
1,2
of making X-ray wave band laser has been started. From that time on and

up to date, the mechanism of X-ray laser has been, in theory, tensely and
enthusiastically investigated. In recent years, experiments in this field
have developed prorressively. Although there has not vet been any
impressive result, in theory, however, it has become possible that various
specific plans concerning laser can be successfully turned into reality.
And in experiment, stimulated radiation with wave lencth close to more than
100 angstroms has been made. As research on X-ray laser has become a more
active field in laser physics, this article tries, from the viewpoint of
laser physics, to review the progress that has so far been made by

researchers in the field.

1. Basie Characteristics

To begin with theories, we want to try to analysize and predict all

possible characteristics of using atomic inner shell electron transition

X-ray laser to compare with the already known light wave band laser.

1, Uhen entering X-ray wave band, the stirmulated radiation cross-

section of atom is very large. For instance, the stimilated raditation

‘ 5
cross-section at the center of K,y spectral line of copper (1 = 1,484) is
4
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three or four quantity levels larger than the stimmlated radiation cxross-
section of neodymium glass with spectral line of 1.06 microgr Therefore, so
lonz as the inverse distribution of atomic inner shell electron is there,
there will be great increase of X-ray laser, and this is certainly very
fascinating,.

2. But é%—we known, to a civen increase coef“icient, the power density
of outside stimulation source is in inverse ratio to a quartic equation of
laser wave lenﬂthfl’iéo to enter X-ray wave band for establishing particle
number inverse distribution and having necessary increase, the stimulation
source is required to have considerably high radiation power density. For
instance, in order to have laser of jk= 1003, it requires that the radiation
power density of stimilation source is about logwatt/cmB; for laser of
A= 108, it is about 103 yatt /om’ ; and for laser of A = li, it is about
lolquatt/me. Moreover, because atomic inner shell electron lacks metastable
atate the 1life :of stimlating state 1s generally rather short. For instance,
the 1life of high energy level corresponding to. K,; spectral line of
copper atom is v~4.6x10 **second. Therefore, for stimulated radiation of
outside stimulation source, it requires to have a very short leading edre
time, For making atomic inner shell electron able to establish narticle
number inverse distribution and having a definite increase, if it uses
radiation stimilation form, it requires stirmulated radiation to have a very

short leading edge time and very high power density simultaneously.

3. The radiationless transition of atomic inner shell electron is to




make atom have once more ionization and not a simple reduction of energy,
It 1s different from radiationless transition in light wave band, and here
exist Auger effect and Coster-Kronig effect. We now try to analysize the

advantages and disadvantages of radiationless transition in X-ray laser.

If high opeg?tion energy level has large Auger width, there will be two
harmful ef*‘ects;/. One is that the value of stimulated radiation cross-
section @g will be lowered and this can be seen in the following equation;

N A - M, 1
00=33"&  ox(l1+13) @

In the equation,a. is transition wave lencth, A is radiation transtion
speed (A= I'p/h), 4v is natural width (dv= (Ih+Ts)/W), r, 46?1 respectively
represent the total width of high and low operation energy level. The other
is that for maintaining a definite vacancy number at the high operation
energy level, it will surely lead to have a large pump. At high operation
energy level, the change of imner shell vacancy number density N following
the change of time t is:

aN _p_NI'/h ..
Ao L

~

In the equation, P is the pump item, I’is the total width of operation

energy level , and from above equation, we have:
N=-pLa-em @

Obviously, it requires P following I to have linear increase.

However, there is also a useful aspect. Auger transition can make the




terminating state selectively gather vacancy number, so Auger transition can L8

produce particle number inverse distribution.
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Figure 1 In the Figure, straight lines Figure 2

indicate radiation process,
wave lines indicate radiation-
less process, Vacancy number
is used to indicate state

Besides, the existence of Auger effect will limit the empoyment of
some stimulation forms, For instance, to K,j spectral line, generally the
high operation energy level of Z520 atom has serial Auger decay, as
indicated in Figure 1 (a). Consequently a movement awa® from the laser wave

length takes place and the value of the movement at leas. is the natural

width of Kal spectral line, so the working substances made of them have no w
resonance absorption. But to the high operation energy level of 4= 20 atom,
they, through Auger decay, will be very effectively filled at low operation
enercy level, as indicated in Figure 1 (b). In this kind of .working

substances, resonance absorption will be therefore produced so as to make

them difficult to reach threshold value, Evidently.it will be hardly




poasibllg ’Jor 4220 atom to use photo-ionization pump to make X-ray laser

revolvq{.

4. As atomic inner shell electrons lack metastable energy level, the
life of their high energy state is shorter than that of low energy state.
Thus X-ray laser seems to have to belong to a type of self-terminating laser
and uses pulse as a means to revolve. But people have known that the great
Auger transtion rate of K3, K,> specrtal lines of some atoms and the result
of their producing X-ray laser have made atomic L shell enter a state of two
vacancy numbers as if the original state has been remov?d. X-ray laser of
this kind has the possibility to revolve continuouslgﬁg/ However, it is
different from the condition of continuous revolving of the already known
light wave band lasre. The condit_9i§m that makes X-ray laser revolve

/s
continuously can be expressed as:

Zet> e @)
W, %

In the equation, Tes is the life when inner shell electron transit from
hizh operation enersy level u to low operation energy level 'L, ’(L is the
life of low operation energy level, @, and gy are the statistical wfig?t of
high and low operation enerzy levels. From Figure 2, it can be seen, that
spectral lines Kal and K&2 within the large range of Z can both possibly
make continuous revolving, In Figure 2, the ratio of the total transition
_SP,‘{e‘hL of vacancy state L to the radiation decay speed Ry 5 of vacency

state K, in stable state, can satisfy relationship: Tw./% = Ry/Rg.= Ng/Ny,

Ny and NL are vacancy numbers of K and L shell,
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What must be pointed out is that the impact of the powerful collision
of Aurer electron produced from the process of Auger transition upon laser
process has been ,,eyled'&/ in discussions here., In the second part of
this article, we will discuss it. If we take it up now, the result of our

present analysis will be otherwise.

5. Compared with already known licht wave band, X-ray has very large
spectral width, This is because even the ion which emits X-ray is not under
any impact of its environment, and because there is radiationless transition,
the width of X-ray spectral line is rather great., When X-ray laser working
substance is stimulated, because of using very high power density, the heat
and massive plasma cag be formed, Thus Doppler width caused by ioniec heat
movement, Stak4width‘3f the quasi-static ion field, electron collision
width, ionic collision width and width made by plasma turbulence rust all

be taken into account.

The natural width of X-ray spectral line is:

B et
i Ty

@

In the equation, 7;. is the life of radiation, &, is X-ray fluorescent
yield. For instance, for Kz spectral line of sulphur (Z = 16), dyy~10"
hertz.

Doppler width is:

dyp=(2.3%10°/A) (T\//A)V*  (B)
In the equation, A is X-rey wave length and its unit is em,,T; is ion

temperature and its unit is electron volt. A; is ion mass and its unit is




atom mass unit, For instance, of K,y spectral line of sulphur,): 5.3’7‘,
A; = 32 because ion temperature during particle number inversion is lower
than electron temperature To. Generally, Te=-100 electron volt, Compared

with dvy , dvp can be overlooked here,

The width of X-ray spectral line caused by Stark effect: To inner shell
electron transition and Stark width caused by quasi static ion filed is not
linear, And at the same time, the screen effect of outer shell electron

[11/
should be considered and its quantity level is:

try~3x 10 22 Lz (1- T )N ©

In the equation, n, is the master quantum number, Se is Steinheimer
screen factor, 2 and Ny are ionic charge and ionic density and Ngy is the
number of outer shell screen electron, For sulphur of Zj =1 and Sy =

when it is of solid density, 4v,~7x10° hertz,

Electron collision width is:
Gya~2.2x1 -8-,1-,;;3,-8-:-(1- 1;.., N, (T)
In the equation,Ny is electron density. For sulphur when Te = 100

electron-volt and other parametres are same as above, dv,~3x10% hertz,

From a comparison of the above four kinds of width, it can be seen that

when photo-ionization is used to pump sulphur X-ray laser, for calculating
increase, and discussing threshold value and characteristics of revolving,

”
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the suiltable width is natural width,

When a collision of ion-ion is stimilated, there is an ion collision

width, which approxiates:

vy ~10° Z3 (1 - gf—)’ N,

ni
T (V/A)*?
. ' ®

In the equation, Vi is the relative speed of ion,

The width caused by plasma turbulence is:

g N,
Avr~3.8% 10~ —E:T Z, (1:—. T?_)T.N‘ (9)

6. The vantage point in propagation loss of X-ray laser is nonresonance
absorption, It includes photoionization loss, mono-photon absorption and
losses caused by coherent and incoherent scattering. Among these losses,
photo-ionization loss is the most serious when density is high. The cross-
section of photo-ionization ig‘elﬂ

ori(A, Z) =§N.(n, Dorri(r, n, 1) (10)

In the equation, €r.: 1is the partial cross-section of each electron in
the assigned n and % shells and Ne is the number of electron in each shell.

A simple estimation is:
Tp1a~2.4 X107 % Z5n T2 (11)

1t is almost like a ratio change of a cubic equation of laser wave lencth,
So when there is no resonance absorption, the quantity level of

monochromatic absorption coefficient is:




i

K,(em *)~Nwgp = . (12)

0f course, only when increase is larcer than loss, X-ray laser

amplification can happen,

7. Althourh it has been well known that some metal films have rather
high reflectivity to X;raygzthe refractivity of most materials to X-ray is
close to 1. If this is used to form X-ray resonant cavity, an optical
system with a reflection anle close to 90° must be established, and this
will result in a ring resonant. cavity composed of a number of reflective
mirrors made of metal films, At the present time, what is discussed most
frequently is the Bragg diffraction phenomenon made by using X-ray on a
crystal body and ring resonant cavity made of many plane reflective mirrors
made oflgfrfect crystal slic;%;lgnd the output can be helped by Borrman

effect. These two kinds of ring resonant cavities only allow X-ray laser

to pass through the cavity a few times, The life of photon is very short and
the quality factor is low, 8o it is of no help to lower threshold value. At

the same time, in adjustment and application, difficulties remain, The

(17
distribution fe7§b7ck crystal resonant cavitg, the wave conduction _
18 g i

resonant éavitg' and resonant cavity directly using Borrman effect ,

mentioned recently, have difficulties and problems in techniques and pump.
So people think that the first X-ray laser will be a spontaneous radiation
amplifiegz’ZQYand its output will be spontaneously radiated and amplified

X-ray.

We have made a reneral review of the stimulated radiation cross-
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section when atomic inner shell electron transition radiates X-ray,
radiationless transition, spectral width, proparation loss, resonant cavity
structure and the strict requirements for stimulation source because of the
lack of metastable enersy level, Although these characteristics need
ther experiments to prove them, one thing, however, is clear that all
these are different from the laser which has been known,
2. Proposition of Principles

In order to realize the stimulated radiation of X-ray, in recent years,

many significant assumptions based on theories have been made by people in

field, they, in summary, primarily concentrate on the follwoing two aspects.

(1) Proposals on. Inner Shell

The proposals on inner shell aim at using inner shell transition of atom
or ion to produce X-ray laser. Inner shell transition means that when the
larcer master quantum number shell of atom or ion contains at least one
electron, transition takes place in the vacancy produced in closed shell
(namely all of n tracks are filled with electron). This requires that the
enercy of pump source must concentrate in between some fixed energy bands and
selectively remove the electrons from inner shell, This is mach more
complicated than the situationggiomic valence electron optical transition.
Today there is some one who has suspgested to use photon collision, ion

collision and electron collision to produce inner shell vaéancy.

1, X=-ray Ionization Pump
The suggestion to use X-ray laser of X-ray ionization pump is made on

10
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the ground that the cross-section of atomic photoionization has a definite
relationship with photon energy of X-ray used for stimulation, When the
X-ray energy at the edge of absorption band is sufficient to ionize the

! atomic inner shell electron, the cross-section of inner shell electron

#’ removed away throursh photoionization is several quantity levels larrser than
| the electron removed from outer shell, As a result, the distribution of
atomic inmer shell electron will directly enter a state of particle number

inverse distribution. Up to now, three specific ways have been surgested.

First Suggestion: Under X-ray ionization pump, partiifg number
inversion is directly formed in atomic inner shell,z’B’ZQE we can estimate
the pump power of X-ray laser of this type. For cavityless amplification
system, we can define a threshold value length 1%, and on this length, in
a solid angle omeé;kahoton number of the amplified model is larger than
that of other models. At the end of i%, still there is atomic stimulated

radiation photon, If a working substance appears to be in the shape of a

shape of the rod must be able to warrant Fresnel number, Ne=d*/kA>1,

|
|
rod, and its diameter is d, for avoiding diffraction loss, the geometrical
) i
|
The condition of threshold value is: |

{

|

exp(Bl.)>44-'—‘:" ‘ '.(13)

In the equation, the approximation of the solid angle omega is: i

| 9”'(—?;)"- < | (14)
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The increase on unit length f);%a- is:
ﬁsa',AN —0eNp (16)

In the equation, %.#nd o.are stimilated radiation cross-section and
absorption cross-section, particle number inversion density, AN =N,— (9./9:)Ni,
Ny is the particle number total density of working substance, For having a

positive increase, it requires:
0, dN>gNr . (16)

By combining equation (13) and (15), the vacancy density Ni of high
operation energy level can be solved when it is of threshold value, TFor
having power density necessary for producing laser action is Nukwy/%¢, When
the situation of K shell is supposed to be broucht into discussion, hw, is
the energy at the edge of K absorption band, and ‘%, is the life of K shell
vacancy. The depth of X-ray penetrating working substance used for
stimilation is 1/07Nr, 97 is the total absorption cross-section at the edge
of K absorption band. Thus, when it is of threshold value, the necessary

pump power flow phi is:
putihap, L .20 ' (i7)

L L]
%, OorNr Oy

In the equation, g,"<orr, is the absorption cross-section of K energy

level at frequency . When it is of threshold value, the total pump power

is: :
' P=di¢ (18)

We take sulphur (2 = 16) as working substance, for the transited X-ray

ps A

i
I
1
|




i at K —» Lyyy, hw=2.31 kilo electronvelt, the total decay speed of K shell
r=0.57 electronvolt, o¢,=567.6x107* em'?, o,=1.446% 107% ‘om :?, 0,=10.66 x 10-%
em?,and the lowest particle number inversion density A4Nai=0.369x10%* em 2,
If we take mid-value, such as taking one that is two times of the lowest
particle number inversion density, then from equation (15), we can have

at this time B=209.5 em™l, If d = 10 micron, then from equation (13) and

(14), zlt = 490 micron, From equation (17) and (18), finally we have ¢=
2.1x10% W/cm 3 P=1.02x10" watt, In experiments, such great X-ray power
flow used for stimulation can be obtained by using the X-ray transformed at
the high Z target from the laser radiation of an already known lirht wave
band laser (such as neodymium glass laser), If this transformation efficiency
is 30% and the efficiency of coupling X-ray radiation with working
substance is 40%, it then requires a neodymium glass laser with a power flow
of 5x lolﬂwatt/cmz, and also because the area of pump flow action is

2 ,
1d~10 x 490 micromicron , the neodymium glass laser is required to be able to

10
output power of 2.5 x 10 3watt. It has no difficult now to have a neodymium

|
l
; glass laser with such high power. !
I
{
In the discussions made above, we have overlooked the process of :
electron collision, In fact, of low 2 working substance, such as sulphur, ‘
the fluorescent yield is low, so a very large part of the pump power is

consumed on the free electron produced in the process of Auger transitien,
These powerful electrons during the initial stage of pumping process have
made collision-ionization with atomic outer shell electron, In about 10715

second, there is an increase of one average ionization, So this kind of

13
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collision process will limit the life time of ion of any specific ionization.

[

According to an estimation/ the threshold value of pump power is basically

close to the value when electron collision process is overlooked, However,

in the increase of life time, the two
gsituations are different., As indicated

in Figure 3, when the lectron collision
is considered, the increase of life time
will be shortened. If the continuing time
of particle number inversion is no more
than IO'IASecond, the result obtained
will be different from the fourth point

in the first section of this article.

Second Suggestion: In the process
of photoionization pumping, particle
number inversion is formed through Auger
decey. Taking Na for example, the
neutral natrium atom under photo=-
ionization pumping will directly ionize
L shell electron and directly form

vacancies on L shell and then makes

no collision

eollision—_

-

el
Time (milli micromicro
@ second)

0 10 20 80 9 50
Time(milli mieromicro
" @ Second) -

Figure 3

particle mmber inverse distribution between 38 - 2P i: 3724), These

l |
problems have been discussed in some original uork?; Here we try to study j

another way of forming Na L vacancy. Na+ which, undre photoionization : |

pumping,has K vaeancy, will produce double-vacancy on L shell because of

14
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the happening of K - LL Auger decay, and then form particle number

inversion between 2P-3 2S,

We can estimate the pump power of threshold value. The Speed equation

of particle number change of high operation energy level i is:

aN, _y dNy <\ N, _ N,
& gt Reeis W

In the equation, b; is branch ratie, ¥;; is the inverted number of
radiation transition speed from energy level j to i, ®; is the life time of
energy level i, If the energy sent forth by a known light wave band laser
is Q, a laser pulse of which the pulse width is ¥}, through hard X-ray
produced by a transducer of which the length is L and thickness is 4, to

pump Na, the speed of producing K shell vacancy is:

aNy _,_ @ Noowe (20
W Tk, e

In the equation, B, is the average enersy of hard X-ray used as pump,
Ona is the photoionization cross-section of K shell at Fy, Nyga is particle
density of Na, q’ is total transforming efficiency including transforming,
penetrating and beam-splitting of hard X-ray made by laser pulse which

strikes on the transducer.

There is condition of positive increase in equation (16), and the
particle number inversion density at L shell is fﬁ:imes of the density
produce by K vacancy. Combining equation (20) with (16) and considering

equation (1), then when it is of threshold value, it is:

15
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(21)

In the equation, N is particle number density of material which
contains Na, 25 is the life of L shell with double-vacancy. Through solving
equation (19), we have §-0.02® . If n=10"%, A-376-K I,«rIy, 7,=2.56%10- sec.,
W=10" ci®, Fy=1.6 Kev, 0e=6x10* im? oy,~10® cms then from
equation (21), we have that light wave band laser sends out laser of Q/m.”

3 x 1011watt.

Third Suggestion: The united pump of photo-stimulation and X-ray

[22]
ionization'{. Before: producing

inner shell vacancy, to use photo~ 1 .
frequency to stimlate atomic outer a o
&) at e
shell electron to reach a long-life ks % 2
MRF— | T/
ing te, th / d - z
stimlat ng state, en to use xqray ,\5 ' i
to ionize inner shell to produce (2) "&*’ ~
* Pigure 4
vacancy, and finally particle e
(1) Photo-frequency stimulated
number inversion is formed in inner photon

(2) Pump X-ray photon
shell electron, as indicated in

Figure 4. Taking Li for example, through photo-stimulation, Li atom can be
made from base state 15225 to stimulating state 1S°3P, then using X-ray of
which the energy is approximately 66-70 electronvolt to ionize it and make
it produce one vacancy at K shell and enter 1S3P state, Thus the impact of

Auger effect can be eliminated.

16
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If the pulse width of pump X-ray is &, and its strength is the step
function of time, then the number of X-ray photon attracted to the unit
volume of working substance in a unit time will be Ne.(dzdydzt,)"),  The

change of neutral Ii atom following the change of time is:

dN, N,
dt  dodydit,

Node (22

In the equation, g is cross-section of X-ray ionization, I, is the
depth of pump X-ray penetrating into working substance. By solving the above
equation, we can have:

LAD) =N, (= O)exp(—-d%;gﬁ‘!:—;:t) (23)

Lithium has g,,~6x10"*cm ’ If we select working substance which has
dz=2.6%10"* " cm, dy=4.66x10~* ' cm, l=~dz, then take d; larger than coherent
length, dz=-0,3 em., The particle number density of Li is 1018cm"3, and when
Li ion number, In 1S3P state, is 1010em=3, from equation (23), we can
have pump X-ray photon of N,~10®° fall on working substance within a period
of ¢=%, ., Today X-ray photon emitted from synchrotron-circular accelerator-

[21,29]
radiating body has =lready reached this stag?(

Our above discussions focus on three different kinds of X-ray laser of
X-ray ionization pump and respectively take sulphur, natrium and lithium

three working substances for example and brieflt estimate their threshold

value pump power,

2. Ion-atom Collision Stimlation
Due to ion-atom collision, the physical process produced selectively

17
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from inner shell vacancy is that during the collision at the intersection
of potential energy curves which is instantly made of double-atom and quasi-
molecule, according to Pauli exclusion principle, there must be one or more
electron emission, and individual atoms. are thereby in inner shell

stimulated state,

p.5)
+ (2P)8(35)23P)? e
S 2551 ’ === 5°.9P%3).9D%2)
E 248.94 T S 1Fe.450,4po, 0
o ! b
£
e | Q
o - o
K l :;
b ) | Roo Koo R,
S
E I J Rl.t/
@ e ! 2P)8(35)! ] l ~
o 1578 4 i 3 2P 2D «p
s D P,
15.64 e
0 (2P)%(38)*(3P) : : 4

Figure 5

The structure of an ideal article-working substancé would be made of an
accelerated heavy ion beam and thin foil,and , in addition, there is also &
proper pulse electric field.Thus the ion beam can thread its way along the
longitudinal direction of the foil piece with a speed close to light
velocity to attack it, While the ion is attacking the atom of the foil piece,
between the inner shell energy levels of ion, atom or both, appears
particle number inversion, When the X-ray produced by electron transition
of high operation energy level at the point of beginning attack is passing

along the longitudinal direction of the foil and comes across the inversely

distributed particle formed by ion beam,it is then amplified coherently.




The elements that adequately coordinate with_é?ol piece and ion beam can
123

produce X-ray laser of different wave lengtgf }

Because this plan of resonance cfilision stimulation is related to
travelline wave stimulatfon, it can avoid the difficulty of short life of
hish operation energy level which can occur photoionization pump, So the

article can continue to revolve,

Now taking Ar*5 for example, the related enerzy level of Art5 is what
as shown in Figure 5., Using ion of medium enersy to collide with Ar atom
can make it become Art5 ion of which the base state is (2P)6(38)2(3P)1.
Because of the collision of ion-ion, the (2P)6 electron of Ar+5 can be
stimilated to 3P state. When Ar'” transits from (2P)5(BS)2(3P)2«-9 (2P)6
(BS)I(BP)Z, it radiates X~-ray laser, The electron which has transited to
(3P)2, due to Coster-Kronig effect, will radiationlessly transit to 3S. The
speed of this transition is very great so the low operation enercy level

will be rapidly exhausted, ; ¢

The threshold value condition can be expressed as:

e N

- N> (K+D /Loy @4
|}

In the equation, MN; and Nj are particle number density of hich and low
operation energy levels, K is absorption loss, L is the length of working
substance. The threshold value can be discussed through speed process,From

Figure 5, it can be seen that its speed equation is:
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N Ry Ng—R, N, ,— ?R_,N.

dN,

' (26)
at - RoLNu-Rb?NL —gRLtNL

In the equation, N; is particle number density in base state, RGu is
the speed by which the particle from base state is stimulated to high
energy level throuch ion-ion collision stimilation, It is basically

determined by inner shell vacancy stimulating speed t;{l, namely

Rou~ti'~2.85 X104 -1 (28).
RyL is the transition speed by which particles produce laser, and it is

mainly determined by the stimulated radiation time ¢;l,

Ry~til,~3x104 gt . (27)
Ryj is the speed of high operation energy level particle number decay, and
it is determined by radiationless transition speed ¢zl, caused by Auger

effect or Coster-Kronig effect,
;_‘,R.,~t:,}~0.9x10" B (28

Ry is the speed of returning from low operativa energy level to base state

and it is determined by radiationless transition speed fis=(witr-10)~*,

Rig~ (wr X tr.Lq) -
~ (wpx1.62%1079) 1 -1 (29)

In the eqﬁation, t-l¢ 1is radiation transition speed, “r is f‘luorescent
yield. ZRu is the speed by which particles at low operation energy level
are stimualted to other high energy level, and it is mainly determined by
the speed by which particles are stimulated to being in other state by

i atom=ion collision.
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}r‘ Ry~tit~ (7.2%x1072) 1§~ (30)

Quantity levels listed in equation (26)~~ (30) all refer to ar*5 ion,

It can be seen throurh a comparisons
SR> R,
. aaitagl (31)
ZRu>>Rm
k
But Rss can be substituted by the relative speed vw of ion, ion-ion

collision cross-section ot and base state ion number density N; can be

expressed as:
R6u= NGO':(’D(' (32)

When equation (31) and (32) are put into consideration, the speed

equation (25) can be simplified as:

_d_.N_ﬁ = NG (N(,‘o".."vlr) . —‘q—.

dt (33)
aN,_ N. N,
dt touL les

Particle number inversion density in balanced state is:

AN =N,— N =Nicivitae (34)

Combining with equation (24), the specifiec form of threshold value condition

will be:
Nioiveta>(1+KL)/ow  (36)

In such process, it is assumed that gu=9ie,

Viewed from current ion beam technology, it is not possible to produce
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larce enough light increase until we have an ion current which is, in

energy, one-hundred times larcer than :What is available presently.

3. Electron Collision Stirmlation

From the collision of laser plasma electron and inner shell electron,
vacancy is selectively formed in inner shell, ’Let us examine the three
enercy level system as illustrated in Figure éiisz assume that energy

level 1 and 2 are two inner shells which are fully filled with electron and

level 3 represents all enercy levels Py :

Augey transition
3

above level 2. Among these energy

levels, some are fully filled with _ b
electron and some not. Using laser 5: ,§
plasma electron collision, between .
energy levels of 1 =53 and 2 =93, Figure 6

there are double pumpings and in the transition from level 1 to level 2,
there is X-ray laser radiated. For having particle number inversion between

energy level 2 and 1, there must be rapid transition between level 3 535 e

This can be realized through Auger transition, so the threshold value power

is relatively low.

This is but an assumption in principle, so far there has been no
specific working substance atom pointed out, and at the same time, the
enercy distribution of free electron is broad, In the stimulation process,

the electron effect outside atomic inner shell should be definitely taken

into account.
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(2) 1In the following we shall discuss the X-ray laser which does not

~w

directly use atomic inner shell electron transition.

1. Plasma-electron Oollision Produced From Laser

Using the action of high power laser and solid target, and the tunnel

effect caused by laser electric field on the target will 1lift valency
electron to conduction band to form electron plasma with solid density,

{ These electrons at the intervals of collisions with orisinal inner shell

} electron of the target and under laser electric field effect begin to store
energy and form electron plasma of high energy. Then these electron plasma
clash with the inner shell electron of the tarcet and make it completely
ionized. During these processes,electron states above 2P in the plasma of
such high density, because of Aucer effect,are expanded and overlay each
other in the shape like a band. Electrons rether ‘hemselves in 2P state of
lowest energzy and 1S state is not expanded so it is close to el actron
vacuum, From an estimation of time process in the followine, it can be
seen that all these processes are shorter than the time of kuaer_pransition,

[25

so particle number inverse distribution is formed between 2P-15¢
Now let us trv to estimate the time required for completing the

processes mentioned above., We first estimate the time of forming electron

plasme,and it is the time required for lifting valeney electron in solid

23




e e e —— g ——— oo
sy _.":’ 3 o 2y 1 s

e Y 2
et e S

L6/
body from valency band to the tunnel of conduction baqgg

C oEEt.

In the equation, E, is forbidden band width, E is additional laser
electric field. If laser power is 1012 watt, focus light spot area is 30
micronz, and the corresponding electric field stength is E»—lo9 volt/cm,
then from equation (36), we know the time of this process is about 10717
second. Next we estimate the time for electron plasma to store energy.

27
Under the action of laser electric field, the energy of electron plasma is:

i ot = 1(5.,) -

In the equation, @ is laser circle frequency. When laser power is
what as mentioned above, this energy is about 103 electronvolt. Through
collision, this energy can only ionize Be of low Z or inner shell electron
of C target. The time needed for stimulating collision, estimated on the

basis of collision cross-section and velocity, is about 10-15

second, The

time of intervals of collision is probably same as this., Next we estimate !

the stimulated radiation time tg, For Kg1 spectral line of diamond, . Stark \
1 z 12 4 |

width Avs 4-'1015 second™", spontaneous radiation time is Tgn* ~~ 2.5 x 10~

second, and corresponding increase coefficient G ~10
10-15 second, Lastl(, about radiationless transition time, estmated
according to the fluorescent yield of X-ray, for diamond, its Auger

transition time is approximately 10~ l4gecond, (* sp means spontaneous)

Obviously, all these process times are shorter than that of both Auger

transition and spontaneous radiation.
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Tinally we estimate the stimulation power and evidently it is:

P=(Z e @

If hw=360 electronvolt, stimulation volume isAVA3 x lo'locmB, particle
number density is 4!-!~10220m'3 , then from equatian (38), we have

P ~10Mvatt, The power density used for stimulation is P/aV ~ 10°%w/com3.
At the present time, only neodymium glass of hish power rate can meet such

requirement,

In the process of compounding plasma electron collision, a particle

number inversion is forEne%]. in Iight wave band. -'Hn‘:s-hno—been-«llauy.

This has been known 2 5

2. Exchange of Atom-ion Resonance Charge

First Surpgestion: Using presently available laser of high power rate to
form ion plasma of which the degree of ionization is very high (Z ~*10) and
particle number density is very great, When the plasma thus formed berins
to scatter by a movement speed v, the plasma density is reducing

continuously and the collision probability N.<{woi>,Ne{vdew) is also reducing.

Here 0% & oww are the ionization cross-section of energy level n and the | ;
transtion cross-section of energy level n-in', and Ng is electron :
concentration. But the radiation transition probability of energy level n is

Aocn %S, and n is the main quantum number, So from the point when electron

concentration reaches certain critical value (Ng),, the life of all n < ng

enerzy levels is determined only by radiation process, namely

S A> (Ny)o{vae) i
; 39
By v e An> (No)o V0D i 4w« ( )
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It can be hoped that in a series of n & n' transition, particle number

inverse distribution will be formed.

It is possible to use the quasi resonance charge exchange produced in
the process of plasma tending to neutral gas expansion, and at a certain
enercy level n;, ion can selectively make very rreat concentration, Usually
the electric charge exchange is selectively proceeded as enercy level N 1

in the following equation can be satisfied.

s )
BE>1  40)

In the equation, Ry = 13.6 electronvolt, I is ionization potential of
ion, For instance, an ion of which electric charge Z is completely ionized
by laser, in the process of tending to neutral He atom gas expansion carrying
out electric charre exchanre, can be made into a stimulated ion of which

electric charre is (Z - 1):
i: B,+He(138) —»B,1(m) +He* (18)

(a1) |
i
To make the stimulated ion B,..: enter energy level #u. M- !
{
s i
[&] |
Crose section of electric charge exchance is: .
- o~10-172 emt (42)

This stimilation cross section 1s[la§;_r,er than any of various stimulation
29
constructions available presently,

In equation (41), the speed of enercy level N; stimulation is:
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q1=N.N, {vo)

In the equation, N, is neutral cas density, Ni is ion number density.

If m<n, then all a<m energy levels, because of radiation transition,

(30)

% stay at particle number Np, Using Seaton's series lattice Cus , they can

be expressed as:
N.—Ql.cul/A' -

Therefore the increase coefficient is:
PR R R
G~ NNpaw - (48)
Lon BE g ot o
Ong =07 Ay [Crpa/0P Ay —Or/m3A] . .. _

2

For the transition of hydrogen-like ion, taking N, = lolgcm'B, Ny = 1017em=>
and for the n = 5-n' = 3 transition (}"‘IOOR) when ny = 5 and Z = 10, we

can have G>>20 em %o

Second Suggestion: Using a focused quasi straight ion beam to enter

/—target area. In the process of electric charce exchange, the outer
£ > 31
shell electron of ion or atom will selectively enter stimulation stee. Tor
example, TR TN Y
-Heﬁ_"f;-l-Hl'.'f—»Het,+H", ,._;.5',.&):&-.:« "8
; tlis ; . —>He*18+7(304 ®) +HY, U)ﬂ

This is because that the cross-section 9»~ 107 ch® of He'' entering 2P
is larcer than 01,~107% "ém’®, And also because the life of Hey, spontaneous
decay is shorter by about 10~10 gecond. So the inverted ion must pass

through bY 1ight velocity along the emission direction., In experiment, this

[327
can have several different forms,
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A system can be designed in such a way that before the ion entering
tarret zone, a comparison of its Doppler width and homogeneous width can be
overlooked., But for a solid target, the velocity split of ions in an ion
beam caused by ion-ion scattering in the foil will form Doppler width and it
is estimated about ‘@37}0" second-l. For a gas tarcet, the Doppler width
caused by collision of elsctric charge exchange should be taken into account,

. 32
and it is estimated about 4dwp~10'° second™ 1.

To a solid tarcet, the linear increase is:

=[] Py
)

To a zas target

e [S(22) e it

.,a;('1_'4.exf.p) —-2n]l : (45)

In the equation,

=Ny —yy)

, W ™
Am.:lo“ second™l is radiation width, i is ion current, 4P is a small part
of the excessively produced He+ ion in 2P state, 4x &y are ion beam width
respectively at x and y directions, v, is longitudinal velocity of ion beam.

Ya and Yp respectively represent decay speed of a and b, Loss x-a.N,,; For

X~ray ofA = BOOK, the absorption cross-section in hydrogen 0e~2.78 X107 on?

wlg

and for a gas target, density is 5 x lol(’cm"3, so .k~1.39',( 10 ‘em ¢

28
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Let us estimate the increase. For 2P - 1S transition of Het, }:: 3
x 10'6cm and for a solid tarcet,if its thickness is 25 angstrom, AP = 0.1,
2% =5.,5 x 10'3cm, Ay = 10'2cm, Vo = 9.8 x loqcm/Sec., i = 30ampere, and
. = 10 cm, then we have G = 1,1, For ras tarcet, 4P ~20,05, 7»/49»«1 hour,

G~47. This is beyond the sphere of linear theory.

The specific increase equation (44) and (45) for X-ray laser and the
threshold value condition equation (35) which is related to increase all
de2l with stable state, In fact, as X-rav amplifier has limited amplified
band width and rapid atom decay, it produces the so-called laser "dark"

£33
(Lethargy) effect, which will make the estimated increase become loW.

Third Suggestion: The difficulty encountered in using the proposal of
electric charre transference mentioned above is that following the mismatch
of energy state between donor (atom) and acceptor (ion), the transference !

cross-section is reduced manifestly. But in a strong op'hcal field, as

stimulation will be increased immensely. So there com}s a proposition of
[3 S
un_iting photon with electrde charge transfering pumpf For instance, in the

|

: b

every one knows, the transiference cross-section of nonresonance collision |
!

|

|

process of H++CS?H(2P)’+C§+, there is a mismatch of 0,49 electronvolt, »
When an optical field of 10101'1131:1;/0:!:2 is added, there can be a transference

cross-section of 2 x 10'15cm2.

3. Using Double-step Stimulation of Ionic Metastable State

The process of using ionic metastable state for stimulation will be of
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two steps. The first step is to form metastabl- state of ion and the second
is to make the outer shell electron of such ion enter stimulation state or
an intermediate enercy level. The example for discussion now is primarily

focused onklithium ion because it has no Aurer effect.

First Suggestion: The earliest assumption is that first lithium .atom
is chaﬁged into ion in metastable state 152S, then in the life time of
2P state a trigger licht pulse with a suitable wave length is added and
.i/}nu&/tal
electron in 2S state is stimmiated- to 2P state. Between 2P-1S particle

number inversion is formed,

When ion number density is befitting, the life time of Li* metastable
energy level 2S approximately equals to 500 micro-second and the life time
of 2P energy level is approximately 3,9 x 10'llsecond. The wave length of
25 »2P transition} = 9562.2:, and the absorption cross-section is 7,3 x

10~14em?,

Using cavity structure, the threshold value condition is:

: o n_18.4 dv . 1
NEP) =N > g, T N E

(48)

s, s

In the equation, R is the reflectivity of cavity., If thevelocity
extension of the movincs ion beam is $0 insignificant that 4v can be recarded '
as natural width. If 9m=¢i=1, the cavity length L = 1 metre,;{ =200x,
R = 1~10%, then from equation (46) we can have N(g) - N(18) >(1.5~3) x

153 [3
107"em -, This threshold value is relatively lo”.
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Second Suggestion: Using plasma produced from CO, laser as initial
pump source, the incoherent soft X-ray emitted from it will selectively
photoionize K shell electron of Li atom and produce metastable ion in 1s2s
state. Now to tune the tuna'#ie dye laser to 1s2slS leZslP transition
length of Li+, and at the prefixed time, to put dve laser pulse into
metastable 1t ion, This can bring about two different physical processes.
One is that ion aborbs dye laser photon and transits to an intermediate
state 1s:2plP and then by stimulation or spontaneously radiates to the base
state of ion. Such a process of two-step transition is called heat
fluorescence (HL)41:36 The other is that the stimulated double-photon
transition resonance Raman-anti-Stockes emission ean also take place on a
spectral line of2= 199X, as ind‘cated in Figure 7, Using X-ray laser of the

3

later mechanism and its utmost increase isg

O Nmod’ _xmA
Grr|max 2% 2V, 9XP’( 27,) . 47

In the equation, np, is particle

number density at ionic metastable energy

level when dye laser is tuned, A is the

spontaneous radiation speed of inter-

mediate enerzy level 182p, V,=uaFE,/2h, p,,
is double-pole lattice element of 1ls2p-
1ls2s transition, Epo is laser electric . Ficure 7

field of dye laser. When dye laser strencth is approximately 1.5 x 105w/cm2,
Vpﬁl.l x lonsecond"l, and when initial particle number density in 182813

state is approximately 1.8 x 1013em™3 s from equation (47) we then have

31

.‘1.1,.‘1 3




-~

A

Gzs ’-n"' 10 em™

It will be found interestines to compare stimilated Raman scatter
cross-section ozr(=Grg/nm,) with general stimulated radiation eross-section

d; produced from ls2plP energy level, From equation (47), we have:
Ire v _ @A
Py 3“(”—2;/, Joxe( o) .

In the equation, Av is the transition frequence width at laser wave
length, and from 4v/2V,~1, V,» A4, we can see that the stimulated resonance
Raman scatter cross-section is clearly larcer than the stimulated radiation
cross-section at intermediate energy level,

37 95%

Analyses indicate that for making more than 99% of Li atom enter
metastable state ls2s, when the optimum primary Li atom density is 10140m-3,
it requires a pump laser current of which the lifting time is 1 milli-
microsecond and power density is 2.9 x 109watt/cm2, then it can use a soft
X-ray current of medium strencth, The pulse width of dve laser is required
to be approximately 400 micromicrosecond, for a working substance of 0,5 x
0e5 cm?, total energy of dye laser must be 15 micro-joule.

| T I53p metualible olet

What deserves attention is that the life timejof Li* metastabie—state
is mainly determined by a combined speed of electrons in 1s2s and 1s2s
state because the metastability of this state is closely related to the

initial Li atom density.
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In addition, using metastable energy level 2s of hydrogen-like ion 0+'7
under the action of neodymium slass of hirch power and throuch double-photon

Faracleosw : 3%
trasition, we can have X-ray laser.

4. Photo-resonance Stimulation
Generally it requires that two samples exist in laser plasma and they

have overlapping and strong spectral lines, One of *he two samples is used

as source ion and the stimulating ion of X-ray resonance emitted from it ' 1

can form particle number inversion,

One arrangement includes two-
=g
step process as indicated in e a3
Figure 8. TFirst to transfer the n
T LN S e R
the workine ion from base state source Ton " b i
Stimilating lon j
(n = 1) to first stimlation state . : _
Ficure 8 v '
(n = 2), then the X-ray resonance £ |
. 2 |
stimilation coming from source ion make it enter high operation energy level g}

“(n = 4), and between n = Lm~n = 3, particle number inversion is formed. The
other arrancement is that if the source ion issues X-ray of two different
-  kinds of wave length, and one 6f them ecan throurh "filter" ion filter away
the X-ray of first kind of wave length and that of second kind of wave
length will be used to stimulate working ion by using resonance, as indicated

10
in Figure 97

The specific example of first arrangement: Taking the homoreneous
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mixture of source ion and stimulating ion elements as tarcet (such as C and
Mg), under the shining of of neodymium glass laser, it can form plasma,In
such plasma, CV1 is used as source ion, which can send forth X-ray of
33.3""63 and resonantly stimulate Mglll ion to form particle number inversion
between st?tes of n = 4f~n =3 and to emit X=ray of al. = ~130x. Through
anal,vsis,Bjthe width of X-rav pulse used for stimilation should be lO'lOsec. -
and energy is approximately 10'2 joule. TFrom the second arrangement,
matching ion can be found, For instance, using 4s - 2p transition (&-, =

60.3’755 of NalX as filter of BIV 2p - 1ls transition (AL" 60.3142), it cen
emit laser of 1‘= 4.163.

~

—‘__'_ n=3
A
a=2 | g S

E
)
@

r--’

2a % Ap=2 M
— n=1 - : ne=l
source ion filter Ion stimulating ion
or atom - (1ike source ion)
Figure 9

5. To Establish Partiéle Number Inverszopistribution According to
Velocity Difference of Ion Mo vement*

Let plasma make heat expansion in vacuum, mnd under the action of
electric field, ion is accelerated to a velocity which is in direct ratio
to charse-to-mass ratio, Those ions which are in a state hirher than high
operation energy level, during a period of relaxation because of collision

with other ions, can reach velocity v' and stay at high operation energy
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level, But the ions at low operation energy level maintain their original
velocity vD. When the decay speed of spontaneous radiation is larrer than
collision speed, the stimlation of high operation enercy level is slow.

So in the period of high‘ operation enercy level relaxation t}( in the space
there is an Minversesheath" of which the thickness ¥ = (vt - v)tﬂ. For ions
of which Z is approximately less than 4, t}‘ is approximately 10~° second and
for plﬁsma of which the ion velocity is anproximatelv larcer than 10
cm/second, Z is larger than 1 ¢m.

LLgRet /tddld/émﬂ/ P% prrlrrot)
For Doppler width and the supereadiation—ef—of an end reflection mirrow.

with a reflectivity of R = 0, the threshold value can be expressed as:

8wdvpr '
L(;IY'_%_N?)- (a:;l_n2)ll:2)_\t¢ (49)

&
In the equation,¢ is branch ratio, # is average radiation 1life time

a4
of laser transition, Whem{ 107 5cm) %" 10~ second, A.tvte = 107 hertz, ;
|
L= &:m and @ = 0.5, from%ien (49), we can have particle number ;
i

density is larger than or equal to 2,3 x 1012cm -3 "

~ The possible transitions are: 282p7P° - 283d°D (A= 259.58) of ¢** ana .
2828 - 4p2P° (\= 244.94) of C4*,

6. Transition Between Isoelectronic Sequence Ion Energy Levels
The outer shell electron transition of igoelectronic sequence ion can
produce X-ray and this has been well known in spectroscopy. For producing

X-ray laser, people have tried to utilize the similarity in enercy level of
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isoelectronic sequence ion and using laser transition of light frequency
band as basis to seek suitable ioq{Ll]For instance, Ne3+ ion has observed
laser of 2358g, and the corresponding transition is 3p - 3s. The life time
of 3p ener~y level is 20 times lonrer than that of 3s enersy level, On this
basis, the corresponding 3p - 3s transition of isoelectronic sequence ion

oy o
U°5* should be able to produce laser of 11A, and the life time of its hich

operation enercy level 3p is accordingly 20 times longer than 3s.

The ionic transitions under the action of laser,which have been
observed at, lirht frequency band, are: np—ns; (n+1)s—np; (n+1)pond and
they 211 can be used as bas’s for seeking suitable iscelectronic sequency
ion, The forming of ion of definite ionizability can make strinping

ionization of nsutral atoms by using high power laser,

The suggestions mentioned above are certainly not all those made by
interested people. X-ray laser produced by stimulated Compton-Wu Youxun
(Wu Yu-hsun)
mission and the coherent X-ray obtained by using high derree harmonic
technique of non-linear optics all have had specific estimation, Most of
these suczestions, although they have to wait for putins into practice,
through discussions like what we have done, will rreatly help to make X-ray

laser and the possible mechanism become clearer and clearer., Moreover, new

sucgestions are to emerge unceasingly,

3. Fundamental Experiments

The experiment work in X-ray laser started in the 1970's, In a short
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period of 5 to 6 years, people have from different aspects tried in their
experiments to observe X-ray emitted from stimulated emission., !ere are

some experiments which have captured rreat attention,

1. In 197%, Kepros and others amnounced the result in their laser
experiment§£4% They use output power of 15 kilo-mecawatt, and neodymium
glass laser pulse of which the maintaining time is approximately egqual to
20 milli-microsecond, throursh a cylinderical lens of which the foecal
distance is 4 ecm, to focus into a thin and long beam of 1 cm, and then they
use this beam to stimulate the transparent thin film working substance
which contains copper sulphide and which is held by microfthin glass plyer.

y they
FromJ%§§%§Eggg€;u%Zey found that when put X-ray sensitive neratives at the
points of 30 cm and 110 cm on the extended foecal line respectively,‘there
were sensitive gpots of which the diameter is 0,2 millimeter. Evidegigigthgé
are Made by X-ray with good calibrating ability. From experiments, they
also found that the strencth of laser used for stimulation and the density
of copper sulphide all have definite threshold value, From the X-ray decay
rate acouired from the study of Fe, Ni, Al and otfiers, they calculate that

the X-ray emitted there is K, spectral line of copper and its wave lencth

is 1,548, Therefore they announced that they had found X-ray laser.

It is obvious that these experiments ecarry the primary idea that plasma
produced by laser can fly past by light velocity and produce vacancv 2t

inner shell of Cu atom.
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Following the announcement of their experiments, came a wave of

heated arrument, SCH%§;OW thousht that in theory their way of conducting

ezzg{i???t is correct{sand there is some redundance in experiments of other

peopqu' But some others izzgfygzigjpt as well as theory completely deny

the result of their exnerimengﬁ The theoretic basis for denying their
/ one

experiment result is just like what we have discussed in Section,of Second
Su-gestion in the second part of this articlgfziin order to pump K, laser
of Cu,the pump power they used is too low and the lifting time is too long.
From experiment we know that it will finally result in fa ' lure to use
electronic computer to check X-ray of this kind.
/50,51

Four years later, Kepros and other tried to repeat such experiment)

but up to date, thev have not yet sucgested any basic criterion for X-ray

of stimlated radiation (such as 1irht spectral line becomes narrow, rood

coherency and others),

2. In 1974, Jaeglé and other tried to use neodymium glass laser of 40
M E a,ufﬂ-w
milli-microsecond and 100 mecawa-% to attack aluminium tar-et, and they

/
found that the soft X-ray of A>T ionic (2p)5(46)3p1'-’ (2p)6SO transition

and with a wave lencth of 11”.413 was produced from particle number inverse

[52~54]
distributiog[— Of soft X-ray used in experiments, light #rid’of spectr-raphy

is 2400 line/mm, curvatufe radius is 2 meters and seam width is 10 mieron.

The penetration rate T of plasma which emits soft X-ray of 117.Ali was
AR,
measured in experiment, and it is used to estimate ineleas?. The process of

fralC 5
measuring penetration rate is to divide neodvmium plass lmser pulse into two




beans, which after a relative delay are focused on two aluminium tarcets,
then use 117.412 soft X-ray, of which the strencth emitted from plasma (1)
is Iy, as probe to investigate the aborption and increase of plasma (2),The
streasth of plasma (2) when there is no shine of 117.41% soft X-ray is I,
(*= 11'7.1..13). But under She shine of the 11'7.1.,15 soft X-ray from plasma (1),
if the strength of ll"./dj soft X-ray is I, then we can have penetration

rate T = (I - I) /1) and absorption K'= 1-T,

“rom experiment it is discovered that T is larger than I and K is less
than 0, this means that plasma (2) is in negative aborption state and the
average value of net increase is 17%. The inferred increase coefficient
G = 10cm"1, then it can be calculated that particle number inversion density

is about lOl'7cm"3 .

The stimulation construction can be explained as follows: Aluminium
tarcet under the action of laser becomes into A‘L3 i ion,and after being:
compounded with electron, it becomes into:

AL+ (28%2p%P%) +6—>
AP+ (22p0p°P%)

A1+3 ion comes into collision again with electron and it is stirmlated into

Al** (282p°np®P%) +6 —> .
A1** (26%2p°4d"* P°) 46~

To such an experiment result, the challenge has recently become more

[55-587

and mory:
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3. In 1976, Dewhurst and others tried to use neodymium glass laser
Corrp2sis stz
to ionize C atom completely. Through collision and compoundiﬂg-of‘gzser
plasma electron, and between energy levels n = 3 and n = 2 (a spectral line
of Balmer series) of CVI ion particle number inversion is formed, and then

e e a vl g
there is an imeorséaseof which the wave length is 1824,

BExveriment requires that the plasma which has been completely ionized
should be quickly exvanded and cooled down. For this purvose, carbon fibre
sadialed

of which the diametre is 5.3 micron is used and it is radiated by neodymium
glass laser in vacuum. The arranrcement of experiment is that the carbon
fibre is vertically supported over the focal voint of neodymium glass laser
and keeps a distance of 12 cm from the opening crack of the 2-meter incidence
type light egrid spectrorraph. The laser is an ordinary neodymium glass

laser and the laser pulse emitted by is 0.5 joule and pulse width is 140

micromicrosecond, but in experiment only 150 milli-joule is actually used.

When the experiment is being proceeded, it uses a front laser pulse of
which the pulse width is 100 micromicrosecond to smash t];.le carbon Hbr::, then
the front laser pulse interacts with the master laser pulse to form crowded
plasmi. To speculate the emerging of particle number inversion is by way of
observing the relative strength of the spectral line of CVI Lyman series.
The result of experiment shows that the particle number inversion in alpha
spectral line transition of Balmer series begins to be established at about
900 micromicrosecond behind the front laser pulse. The radius of plasma is

about 150 micron, particle number inversion density is close or egual to

40




3 x 1011*cm‘3 and the product of the increase and length along the carbon
fibre axis is GL~2%, Upon this basis, if we want to have GL~O, then it

"‘"‘(e’
JO
requires neodymium class laser enercy of 100 jeuir,

Previously, Irons and others tried to make such kind of experiment,but
because the ion density is too low, they did not succeed in having the

usual licht increase,

4. Resonant Cavity

It has been well known that for various lasers, a good resonant cavity
will help to prolong the photon life time, reduce threshold value and to
improve the directionality and coherency of output beam, Because of the
presence of resonant cavity, it has become possible to further develop laser
techniques, such as Q tuning technique, cavity dumping technique and lock
similation technique, Therefore, to seek suitable resonant cavity for X-rav
laser has become a natural hope of the people, Some suggestions in theory

which have been made include:

1., Ring Resonant Cavity

Some crystal face  of perfect erystal can have very high reflectivity
to Brags reflection of X-ray with definite wave length, so to use this
kind of erystal to make plane reflective mirrow has been sucgested. Due to
the fact that Bragz reflection angle to X-ray with definite wave lencsth is
invariable, so an ideal cavity must be a ring resonant cavity made of

[i3-15/
many crystal flake’c The tunable cavity, as illustrated in Figure 10, is
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a better one recommended by many. The arran~ement of six crystals is

M,|M,, M,|Ms, My|Me, and the light track is a plane polveon, Its output
can be made by the help of Borrman crystal My and some stimulating material

of stimulated radiating X-ray can be imxed with My crvstal,

The quality factor Q of this resonant

cavity is:

e-BEG-fiz). @

=1

In the equation, L is the lisht
distance of X-ray in the cavity, R;is
Bragg: reflectivity of crystals of i number. If Rj~R¢ are all close to 1,
Ry=250%, and whenAx10~8cm, L=25em, Q=6 x 107, The spectral width of

resonant cavity An then iss

-

,M_Q

=1.Tx107% o (B1)-

And the life time of photon in the cavity is:

s=2a3%1019 second  (52) -

w.—

During this period of time, the X-ray beam passes throush a distance of

(8N
Ct=10 cm, and the gap delta-lambda between two neighbouring spectral lines

is: A3
GA-—ITz2 x107¥: em (63)

12
But the spectral line width of eigen X-ray is AA x10 cm, so it can

include many longitudinal molds.

o R
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2. Resonant Cavity of Distribution Feedback Type

If the crystal face of the crystal working substance is used
as reflective mirror, then because the fact that the change of
electron density in the crystal is periodic, the radiation wave-
length of the eigen X-ray can together with crystal lattice constant
d(hkl) satisfy the condition of d=A/2 or d=A, and between the ad-
vancing wave and back wave of X-ray a backward Bragg coupling is
produced. So feedback i1s suggested [17].

It could be considered to use the antinode of the standing
wave of an X-ray laser to magnify atoms and the node to absorb atoms
subsequently reducing X-ray absorption.

Let us estimate the possibility of this cavity. If the complex

amplitude of incident X-ray is A Bragg scattering can be produced

1’
on (hkl) crystal face. This can be regarded as scattering caused
by the ups and downs of the refracting power on (hkl) plane direc-

tion. Thus the coupling equation of incident light and scattering

light is: ,
l

e _ g pesp(s FiF,-DhHD1-) |
%_K“A‘exp{-—l[‘g—to”a(m:";} (54) ]

i

In the equation, As is the amplitude of scattered light, ﬁl and

Es are wave vector of incident light and scattered light é(hkl) is
the inverse vector which is perpendicular to (hkl). The coupling
coefficient Kis is in direct ratio to the amplitude as, of refract-
ing power that is modulated along G(hkl):

n(F) = 3 aoexp($@+7) (55)

Obviously, at what direction there is a change'of refracting power,
and at that direction the X-ray feedback can be suggested.
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It is easy to prove for the scintillat’'ng zinc-ite ervstal of rallium

phosphide, that at (111) direction the chanre of refracting power is:

- Noo
(0 = = T Pmay

2—"‘;/—_3—(5--8—3“?)] (68)

=

In the equation, £ is the distanée along (111) direction, ap is the
size of unit chief cell, N, is the electron density of unit volume, So
the period of modulation of refracting power is dy=ao/~/3, and the

condition of producing Bragg feedback at (111) direction is:
 dia= Taﬁs - —g— (67)

This can warrant that X-ray only propagstes back and forth along (111)
direction and produces coupling and not scatters along (111), (111) and

(111) direction.

3. Resonant Cavity of Wave Conduction Type

Recently in experiments, X-ray wave conduction has been realized, and
on this basis, a resonant cavity of Qave conduction type can be suugested.
Takine zeolite crystal for example, it can explain the principles of the
structure of a cavity of this kindf}SZeolite ecrystal is a§”§TG;I§:§IT:;te
erystal, also it is called molecular sieve. It has thin holes of which the
smallest diametie is 3~12% and it also has periodtcity. So X-ray working
substance of ras state or plasma state can be put into it. Because the
refracting power in the thin hole is high (n = 1), so the refracting power

of the alumin-silcate on both sides of the hole to X-ray is l~nadx 10'5.

L,




So X-ray can be conducted out through the thin hole. In the cross-section
of the thin hole because of the changes of periodicity, Bragg reflection of
X-ray is produced and distribution feedback is formed.

Obviously, in order to have a strong feedback, ’flaber
it requires that the half wave length of X-ray
mst be an integral miltiple of the diamet£d of

hole. Because there is zeolite with various Yoo

structural paramet£ed, the requirement can be ¥ . Flgure 11

satisfied through a selection, Por soft X-ray, this is easy to be done.

4., Resonant Cavity of Borrman Effect

In a perfect crystal, under the condtion of Bragg diffraction, and
vhen the crystal is of a proper thickness, there can happen coherent cradual
increase of two X-ray waves., When the erystal temperature T<6,(6,1is Debye
temperature), absorption is greatly reduced (the absorption coefficient of
X-ray is reduced by 20~O00 times). Such extradrdinary penetration effect
has great sensitivity to Bragg diffraction angle, and the X-ray which
propagates in an unusual penetration z;enion, can maintain a polarization
state unchange’(flg]So the X-ray laser that is supposed to be formed can be
forced to limit its propagation in a fixed region, then the direction of
propagation,polarization state and the action of wave lencth are all put

under control. This supposition is produced in the discussion of) ray laser.

5, Conclusions




In this article, we tried from theories to analysize the characteristcs y M
of X-ray laser; the propositions of making X-ray laser; experiment results;
and several forms of X-ray laser resonant cavity which can possibly be
used in the future. However, we see that the results of theoretical analysis
and various propositions need more experiments to prove their validity.
Theories and experiments should all go deeper. At the same tim?, we notice
that the heated arguments over experiment results and theoret‘g analvses are

really unique in the history of laser development,

In the 1950's, those who tried to discuss and predict the possibility
of having X-ray laser seem to have recocnized that it might be difficult to
push the principle of stimulatz? radiation toward a much shorter wave
length (such as X-ray and)ff£§)4 During this period, there were some doubts.
Throuczh efforts of many years, however, our knowledze on the subject has
been substantialized, Now we all believe that X-ray laser and )/ray laser

can be successfully manufactured and even glass laser and Fermi laser have

already been put into consideration.

The sicnificance of developing short-wave laser is obvious, From the

past more than ten years, we have reco-nized that the emersence of laser

has provided a powerful instrument for us to investugate the nature and to
AT O :

improve the nature. X-ray laser, because it has a much shoter wave length

and greater penetrating ability, can accomplish what cannot be done before.

For example, the application of X-ray laser to holorraphy has made us abble




to see molecules,

X-ray laser can focus on a single atom, and ‘this is a

great convenience for us to understand the micro-world. To optics, bio-

physics, analysis of crystal structure, solid spectrum and the new field at

the juncture of solid physics and non-limear X-ray optics, X-ray laser can

all be applied.
micro-working technique and national defence, X-ray laser has its potential,
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