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PREFACE

These notes are intended to supplement the lectures and
ptovide some degree of background material. The material
i8 these 'notes' will be discussed in the lectures and will
provide the basis for further extension of the topica.

Three sections have been included in the present notes
SECTION 1.

This is an introduction to experiments which
demonstrate the transfer of photons to and from
electrons.

SECTION 2.

This is a descriptive introduction to the theory
and goattering processes.

SECTION 3.

This gives a basjio account of the first attempt

to measure simulcaneous electron-photon excitation.
The experiemntal work will be extended in the
lectures,
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Introduction The slectron snergy analysis is accomplished using the tungaten grid {M)

Some recent expariments which involve the tranafer of photons to and j.n‘. retarding mods. When the grid i3 -va w.r.t. the cathcde {3ay a one volt)

from slectrons. We will briefly discuss three experiments than nons of the initial thermal slectrons will pass through the mesh to the
(1) Laser> and tn_“u electron with myltiphoton transfer multiplier ‘and be detected. However when the laser pulse i3 present some of
{2) Laser and 'scattering'slectron with single photon tranafer these electrons will sbsorb quanta of radiation.

(3) Laser and 'scattering’slectron with multi photon tranafer Nhy where n .1, 2, 3 sceese hv . 1,174V

and theae electrons Et + nk)Y will then overcome the negative retarding
(1) HMultiphoton Absorbtion by 'Free* Electrons.

potential snd reach the detector (electron multiplier).
~The experiment of Lsmprd et al. [1979) gives a clear and simple
N.B. The polarisation of laser is | to the cathode surface
demonatration of 'frse' slectrons absorbing quanta of radimtion from a . :
g q laser '+ the direction of momentum transfer is 11 to the detector
fleld. The experimental arrangement is shown . in Filgure (1 ).
axis -~ see Figurs ().

Details
Laser i3 a mode locked yttrium-aluminium-garnet (YAG) oscillator. 4 In the experiment by Lempré et al there was an inherent contact
aingle pulse is amplified in a 3 stage Nd-glass amplifier. The final pulss potential of 4,5 volts betwean the cathode and grid
i3 30ps with unfocuased intensity of 10'%W/cm?. . 4.5v
Ureurd * Ulppliad 5
] 106«3.53 (1.17a¥) In the experiment the glectron signal was measured as a function of
Polarisation is linear. . laser intensity I for different U . ... w T
The laser enters the vacuum ] ) 5 ]
w
- 3w Figure (1) shows results for U ., ., [ 3
(10 ton‘)sysnen containing 5 -
z = 4.5V —- i
a indirectly heated oxide . Pl e i i
U{rstarg) 4.5 ] .
filament through Wi and 0G0 %0 |n 'Qmmntl f.. n=—/Fpo—=a T f L 3
co © . - " 3 ]
leaves via window W2. g? 00::% o Yuam ::-m-mn SIONAL - £ L ]
c o000 [ J
n - 1
signal N 13 al
The cathode is heated to " The slectron sign g I ;
800K and emits electrons Urper ta{N)aco tn(1} b W b .
e 1tiphoton F 3
with thermal energy E, v This is a general result in multipl g : ]
4+ - - p
4 . 4
10meV. The electron ionisation r ]
FIG. J. Schematic (i yfram of the experiments! ae~ |
density i3 + 10'*/cm’. rangemeot, Thae beaiut oxide cuthode O emils thermal Similar results were cbtained for -
wlectrons, M 19 & lungsten mesh hissed at tba variable
oegative retardiag poieatinl I',,# Uypy— 4.8 V. The un- n = 35,6, 7, 8. 1 sty g gl 1
focused Inser beam eniors the glass vucuum vassel ‘ 1 w
through ghass wicdow 1y, “The thin nrrew aloag the axis ’

-1
1 Y GW om
of the delzctor shiws the directivn of the 1aaur alectrie - LASER WIENSIT t l

field as wall as the polarizatinn directica. FIG. 2. Loz-log plol of ihe veriatico of the pumber of
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The cases n = 1 and 2 ware not obaervable as the positive voltages

required induced & high background current in the multiplier.

Consider possible machanism for the process of photon absorption.
{1} Gradient force in the focuased laser.
{il) Photon absorption by free electrons.
Not posaible to conaerve snergy and momentum simultanecusly
in a 2«-body collision.
(iii}) Photon abaorpt.ioh by fres slectron in preaence of THIRD body.
In this case the third body 1s an ‘effective potential’

produced by the cloud of alectrens.

The photon absorpticn process can be described by the

equation (atomic units)

n - elastic
4g dg s B 8
(= ¢ -,f (5 32 E—-;—ﬂ )

whers w 1s photon frequency
E 1is amplitude of slectric field
Q i3 the momentum transfer = gr - 51

da elastic

(ah—l is the elastic cross. section in the

'effoctive potential’.

Since c'; A 10 meV

€p v 117 &Y then IPel 2> |By]
g i1
Q= Pf- - Pi = 0.2933 - 0.08570 P s lm!
n:3 Q=P -P = .50702 - .08575
& ,42227 a.u.
Az 6038+ WP e 7.9445 1030 4t

7.9446 1027 4T3/ (4.13 10'%)? a.u,

2.T4 10%  V/cm

E = 55T a.u.
o BEf . 0.2
n = 3 argusent of Dessel ninct.:lon 13 0.23
n s 8 " . . " * 0.37
L.e. slow change . can write Ji(x) % (o (any"?

n an
da E«Q "
s @ ¢ I—rm e

a (4"
e I '
This relation was cbserved experimsntally - ses Figure {2 ).
What is the nature of the effective potsntial?
{1] a collective free elactron oscillation
{il) space charge repulsion
(11i) is thers any eleciron coupling with the surface of
the cathode?

(iv) influenca of background gas as third body

(2} Scattering electron with single photon transfer.

Tha rirst experiment which demcnatrated the absorption and emission

of a single photon in elastlc scattering was performed by Andrick and Langhans

in 1976 {Ref.2). Similar experiments were reported in 1983 by Curry et al.
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The scattering proceas 1is

o + ATOM » fihw = @ o + ATOM + (n 2 1w.

E
Since the scattering 1s ELASTIC the target atoa always remaina in the ground

Fi# 3.

state.

The laser in all experiments ls a €0, c.w. (polarised),
When the electron ‘elastically’ scatters it suffers & momsntum changs Qs Pf - P:I.’ Mltiplier ]'m

and the atom will recoil. During this process in the presence of the laser . In the SOFT PHOTON approximation

fiald the electron can dg P! Pr da ek , r.a
(=) z (==} J, (—F)
ol L eT

{1) Absorb a photon from radiation fisld ohw =+ {n = 11hw
: becoass

and increase its energy to E + hu of,
. [r' 107
INVERSE BREMSSTRAHLUNG. ) :
(2) Emit a photon to rediatfon field nhw + (n + 17h FPoa 48607 A E L sin‘g— cos? a.

. and raduce ita energy to E - huw yi o« I

STIMULATED BREMSSTRAHLUNG. whers 1s wavelength in unm

Conalder the experiment of Andrick and Langhans - ses Figure (3) 13 electron enargy in eV

A

E
€0, 50 Watt laser hw = 1.17 me¥ 90% polarised I 1ia laser interacting in Watts/cm?
Q

Target 13 argsn gas is elactron scettering angle & = 160°
E =5, t1.15, 16 eV a 13 angle betwssn Q and laser polarisation.

electron energy spread is AE = 40 meV
Results

Note the important requirement AE < to.
The energy loss spectrum allowed is glven in Figure ( &).
Scattering was observed at 0 3 160° te maxialss signal «e ¢ /3 & P s s
3 The differsnce batween laser *on' and ‘off' signal is X2000.
proportional te Q°.
Since the "interaction volumes” are not equal the lasar was acanned
Laser beam was scanned through electron and gas beams.
to simulate a spatially constant laser power density.
Problem with slectron beam tail -
Comparison of y! calculated from equation A with the measured values
L]
1a given in Figure (§). | '
. * I'w ;I‘ {“)
L]
L]
) H
; LT psFl ON
/,.J, e L#e
. '. :
A S N men e
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& levi
Figsee § 5 = TLF plotued agsinst 1he claciron ey £, Fulk line: 1oR-photos apprasi-
malion; l:Gehpnnlﬂ;;i: this »ark.

In general agreement is good. The data print of Geltman was computed using

elastic scattering wavefunctions calculated using a model potential.

Extension to shorter uavelenst.h.

Bader has repeated thisz work using a O lasar for 8 = 160%, € = 11.06 V.
Laser. A =5.3m K@= 234 meV polarisation 93%

20 Watts c.w. focussed to 1.5 mm diamster.
Y o: 3.83 1077 3 ey
Soft Photon approx. glves expected yalus of 4.11 1077,

Effect of intermediate states.

Easentially thess free-free procesagy sre transitions between continuum
atates of electron + atom. The presence af negative ion states (T“- 107" 8) could
enhance the measured cross-section by ingreasing the atrength of the electron-atom

coupling.

{3) Electron scattering with multiphoton transfar.

The first experiment Lo cbserve multi-photen tranafer in [ree-free scattering

was perroméd by Weingartshofer et al. in 1977 (Bef.6}.
Essentially the experiment is the same a3 Andrick and Langhans but now the

laser is pulsed.

A £ 10.6 pm laser is multimode!

$
I = 10 W/ea? an increass of~10 !

oo T2 A 50 and notvio™ ¢ ,', Perturbation expansion w.r.t. the laser

The laser has & pulse of 2us.
Spectrometer resolution AE z 55 meV
E = 11 oV,

Laser polaration || to Q and
variable.

Note the smulti-photon transfers

up ton =t 3.

With the higher laser intensity
the n = 1 peak 13 510°° of the
primary elastic peak whereas

in Andrick and Langhans’ expt.

it was 5 107" .

Note alsc the aignificant
rediscribution of slectron

flux.

s eV E
- amL & -
2 r | s 1
B q
g B L
700} 2
g | ]
- =
F | w e ]
- - -
'E' 00— -
S [ ]

R 2 2 A 04 34 9% aupuuuet g o4 B 4 pe 38
EMERCY iM UMITS OF LASER PHOTDNS

FIG. ‘ Esargy-loss spectrum of #™-Ar scattering.
{a) Without lassr fleld, The clzcles sbow Lhe misssured
axparimental poiots and the estimsied cutlics of the
procesa (s drawa with & solid line, which was oblained
by tracing out tha alastic peak with 3 ratemetar and
scaled o fit the maximum counts. {b) With laser lield,
The clecles with srror bars show Lhe measured polois
aod the estimated outlioe of the multiphoton {emisslon
and absorption} proceases ars drawn lo with solld
Uuss obtalosd by scaling down the slastic pask as bs .
{a}.

In fact flux ia conserved and the area under the (eatures is equal in both

spactra. This ia in fact a sum pyle.

The problem with & pulsed source of rediation is the pulse has a temporal

distribution of intensity o @ (ap 1) + o Flac 2)

In order to allow for this

y |

varying intensity Weingarts- r 0)

hofer (1379) correlated the Fre 7

frea-free signal with tims @)

windows 1n the pulsa.

In addition the cbserved free-

fres aignal 1s dependent on . . . . > ,u.s
e ! 2 3 ¥
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1) 8 scattering angle {Ses Figure §) which compares ® & 20° and 164,
The larger acattering angle produces a greater O and o & bigger
da FF
'E) .

2) By changing , the dirsction of the laser polmtlou'tn the scattering
FF

plans also changes the l%ﬁl .

3} Whan la\

€330 1 SCATTERING
PLANE

no signal is seen.

INCIDENT ELE
DIRECTION

4) When ¢ is | to scattering plane almost no slgnal is seen.

Perhaps their laser is not 100% polarised.

< 1zop
loo[' avad - o=us

yo-138 10| Ya-as
‘ g uitev i' b b el p
- | TG, Epargy gain-lose
€00 sr=ai4 80 sPe0R4 Spectrs for e-Ar scatieting
| showlag depeodences on
electron scatlaring angls
L1y d #. {a) and (c} without laser,

@) anx] {2} with laser. 5P

= ¢ Gp-Pi 21, O messur-
ing points and for solsd 1foe
sas Fig. 3

200} © ()

COUNTS FOA 1000-12us PULEES

§
rvfrrrrrrrereerrr.r

)
:!*I O+ =2
ENERCY IN UMITS OF LASER PHOTONS

Sunzary
The main festures of photon abaorption and smisslon by electrons in a
potential are demonstrated. The interdspendence of Q and € is clearly

alser
demonstrated and.the power despendencs.

The naturs of the poteantial has been shown to be either
{a) elastic scattering potential

or (b) aeffective intaraction of slectron cloud.

In slastic free-fres this work ls esteadadfe vq g study of
{a) Polarisation Potentials; e + Na » mhw
{b) Permanent Dipole potentials; e + Hct + mhuw
(c) Resonance interactions.
{d) Inelastic scattering processes.

(@) #PEv Sydbd SYETEMS.
Resonances in the free-fres cross-section.

The experimenta which have so far looked at reaonances in the free-free

acattering channel are by Langhans 1978, Andrick and Bader (1984) and Bader (1985).

The results by Langhans {using the apparatus of Andrick & Langhans) for

resonance sxcitation in the fres-free n a-1 channel in argon are given in Figure (F ).

The core split rescnances , it
"
1 2

( Puz' P’“) in Argon )

occur at 11,170 eV and . 00‘

[

11.098 V. ]

| 2

Since the lower spsctrum v

is of then =z =1 i.z

channel the analyser is 801

set to detect electrons b

)

of energy £ - fu; whers 7%
E 1is the incident — T T T T e RS

E Energy lev)
ﬁ.unq Upper curve: differential elastie ero section for ¢~ -Ar, 3 = 180°; Ml curve:
enlcufated; open cirches: measured. Lower curve: differential free—free crons saction for
87-Ar, § = 160 ; fult curve; calculaied; cronses: measured.

slectron energy.
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Each resonance featurse in the elastic channel will produce 2 features in (ree-

f{ree channel.

Whenr E =z Er the scattered slectrons
are only detected if they emit a photon
after the resonance scattering. This

produces feature 4.

Whan E s EP + hu the incident electron
amits & photon befors Lhe acattering and
comes into resonance and the acattered
slectron is detected by analyser which is
sitting at Er. Similar forn = + 1

[ras~-fras channal.

Spactrum took 100 hours Lo collect data.

Note some polints.
{1} good agreement {full curve) with soft photon approximaticn.

{2} resonance shape in free channel 13 very similar to resonance in
elastic channel.
(3] no information in the experiment on polarisation dependencs (g ~'Q).
This work has been extended to tha 1§.) eV haliuz resonance at scattering angles
of 20°, 70° and 160° (Andrick & Bader 1934). Detection is in the N 3 +1 free-

free channel. Work in neon has been reported by Bader.

SEcTIoN L ¢

Introduction

The interaction of intense e.m. radiation with atoma and mclecules, or
more apecifically with the elactrons bound in these atoms and molecules, leads
to new processes which cannot be explained in terms usad in fhe phyaica of weak
e.m. field interactions, Thess new "multi-photon™ proceasea require intense
a.m. for their obaervation, This is not supprising since the spontaneous
TWO-PHOTON decay of atowic hydrogen H{25) = Hi15) is a very weak process;
therefors the obervation of the reverae process of TWO-PHOTON excitation will -
require intense photon beams if it is to be readily d&tucted {note however
the two-photon decay of H{25) Ls the most probable decay for the metastable

astate).

Typical of the intensities are 10%/cm? to 10'7w/em?. With focussed
fluxes of 10%% photon/em? to 10%* photon/cm?. Laser pulse{1) durations
are normally in che range 107" to 10"'? sec. With C.W. lasers intensities
are normally a fsw Watts to 10* w/ca® (focussed} and dependent on wavelength
with the CO, laser (10.6 pm} capable of kilowatt outputsfunfocussed) ,
For example, with a pulsed laser T = 5 10 's

I = 10" wen’ z 5 10t photon/cmzfaec.

Now usa this to measure a SIMGLE photolonisation cross section

[ 10-'. cn'.

Tren the probability (P} of single-photon ionisation is P = o It (during

the laser pulse T ) =z 25 »> 1

I

i.e, all atomy jn the interaction region, during ¢, will be lonised. Even

in an intense aynchrotron source the photon flux is only 10'*. Therefore '

P would be = 10°2* 10" 107 = 10 with the synchrotron pulse duratiocn

of 107% secs.



Let us consider TWO-PHOTON EXCITATION/IONISATION {See Figure)®

Assume iflu »1.P. We could also

& s I

use the same arguments for simul-

tabeous electron-photon ionisation E, 1D
via a discrete (stationary state) k D
El' which has a 1ifetime T
4 tw
op = absorption cross —section
going from J0>ta |1> E Jo>
o = lonisation croas-aection 55 &)

Then the total Transition Probability/time for absorption followed by ionisation
is

. - 2
1'2 =z (o.Il Yy h:rOIl = (011100) I = qI
whera I 1s the photon flux and 2 denotes the order of the reaction

with o, = 10™"%ca?, o, 2 107! ot T, 10°? sec

%]

then 0 10 ¢m' sec. However the smal! value of a, ia offset by the

large photon flux say I : 10°%. Then with & pulse duraticn of 1 =5 107 aec

the probability of RESONANT TWO-PHOTON IONISATION during the pulse is

-1
1, Tz = 510

i.e. 5% of atoms in interaction region are ioniped!

Note that with a aynchrotron source with. -10'* flux

T . 10-! ‘o-il 10" = 10—2!

T5 "2

15 is the synchrotron pulse duration.

NON-RESONANT TWO-PHOTON (PHOTON-ELECTRON) EXCITATION.

Now hw F(E, - E)

But 2 hu DI.P,

Let us consider a qualitative

picture. In this case the photon Es
TITITITTI

Texcites' a virtual state [1> i.e.
not a real atomic state. This I & D
virtusl state is in general Lok SUSPU bk

s 102
deacribed as a linear super~

F &

position of all the real atomic
states |n> which are connected to

E o>
10> by an electric dipole

Ry B}

transitiona

Therefors can write [i> = ganlm.

The coefficlent un can be determined {Lambropoulos 1976).

The virtual state [i> will nave a lifetime 11.Blveﬂ by the inverse .of the
magnitude of the detvhn lng & from the neareat real state |n>. This argument
is not exact but we will use Ty e A‘l a3 a working rule to give us a feel for
the excltation procesas. In this cuse "IU"‘ A= El - Eo (sea Figure § ). Now we

have for the non-resonant transition probability/time

1 - t
T, ¥ o, 1 A:101 A ¢
g9, = 107'* cw® for photon excitstion
o, » 107" ¢cm for electron ionisation
-13
Ti = 10 sec.

Then g,z 10

photon (photon-electron) fonisation.

® em sec’ which i 10 amaller than g, for rescnance two-

Coﬁsequently any experiment which relles on virtual states as the intermediate
stages will be much reduced in detectable slgnal. It should also be noted that

the concept of "cross section” loses its classical meaning in the case of virtual



GENERALISATION OF N = 2 CASE.
The above discussion has been concerned with a 2-stage or a second-corder

proceas (N = 2 i.e. T" }. Thia can be generalised.

We have defined |[i> = [ a [n> and the lonisation of [1> can be

determined using the bound-free matrix slesent
<f{k} | o g-p|i>
where & g.r is slsctric dipole operator

€ i3 polérigation direction of laser fisld

fik) ia the continuum state. % s B K /a.

The coefficient a, can be determined in terms of

(4) The detusaning & chw - (E - E)

are (i1) The atrength of the dipole transition <nlg.rjo>
“plE-rlo>
as . = _J"J'h
n (E,~E -Rw

")
Consequently o, , = {constant) k W hrol &,

where k is the direction of the outgoing photo electron and the second-order (M=2)

matrix element is

M;t . E\ ¢flenin>g ‘c.u o> .

tEu-Eol -
Therefore the second-ordep ¢xcitation reguires an infinite sum over the intermediate

states both discrete and continuum.
In the case of N « ] transition

Mt * b

flesrlnr<n]cor|me<m|er]o> -
{E_-F -2 RwHE_-E_-Fw)
n o [ ]

The extenaion to the general case is obvious.

< N 2
g = (constant) k s Mfol.d'nk
and the Transition Probability/time is

T,, = I.N

atem®M gecN-! }

Radiation Effect in SEPE.
It has been suggested by Lambropoulos that the energy 10ss peak assoclated

with SEPE wmay be masked by radiation lins breadening. Consider in particular

SEPE in hydrogen with electron E, and Nd laser fw z 1.17 ev.

When E'C )El (see Figure €) 1p TR

then the energy loss spectrum of the

electron will consiat of three typea

of peaks [ ast Fgurt o) & jo1at (3)

{1} elaatic E I Y3
(41) direct excitation of 25 level
at (E, « E'I
{441) SEPE of 25 lavel at

Ei-EI:hu. ’}h,

E, s (1%

Thia particular process hay not yet
been detected but it has been -
diacuased in calculations by Fie &) ki
Jetzke ot al. 1984,

. The question arises as to the influence

of the laser beam 10''w/cn® on the n = 2
levels.
Ed.mrvi Since EIP - E] = 3.4 eV then three-photon

jonisation of the level ia possible by the
sikcer

laser beam!
8ince the final state of the SEFE
vyl SEME
L [ J excitation is a state which can 'decay’
t l:LhJ ! E.,,I.'\ {the decay rate in this case i3 3 tw doni=
° e sation) then the 25 level will be broadened.

—_——) Consequently the energy loas peak
Ewplew  bovd
lE‘.1 - E] t hw} will alsc be broadened by

the same amount.

Ft’vt‘ ]

e

e
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The broadening is given by T3 =0y 1

. = 1.5 107" cn® sec?

3

1 = 10!

wen® = 0.6 10°" photon/ca’/sec
v = 1.17 ev.

Therefore T, % 310" /3ec.

Using T;'A E « &
pE = 6.6 107" 310" /1.8 1071*

¥ 1.2 e

Therefore broadening 1.2 eV > v {1.47 a¥). Consequently the SEPE peaks

will merge into the direct peak. If higher laser powers are used then there will onl

be & base widening of the direct peak detected! However with lower powers

A 10'* w/cm? the broadening will only be 12 meV!

This argument supposes that the SEPE process is sequentially followed by

three-photon ionisation. That also is a power-dependent proceas.

ELECTRON ATOM SCATTERING IN LASER FIELD

The first modern discusalon of combined scattering of electrons, atoma and
photons was given by GOppert-Meyer in 1921 (in her thesis) using second-order

perturbation theory. Symbéc / ally the problem can be written as

£itcrmon(t) o fuw
Aw pm:t\,i\,}\ SCNTTRA VS \-.da.a_,

TRy
RM"“' \%ﬁﬂum»‘(k')

in 8 universal treatment. HNowever any 'real' theory must make concesslons to

the parameters involved, i.e.
{1) laser frequency w and polarisation
{2) laser power
(3} electron energy and spin polarisation

(&) nature of the "atomic target"

As well as this thers 1a the conslderation as to how the acattering reaction
actually proceeds. Is there an instantaneous ilnteraction or a time-svolved
scattering scheme and in what sense do the ) 'particles' interact in pairs :

elactron-photon, photon-atom, electron-atom; is there a Awracéy  of the
‘pair' interactions and what determines 1t? Any rigorous solution must be able
to account for all these factors, but an exact solution is ideal and we normally
procesd by various levels of approximatien. Even in the two-tody problem of
electron-atom scattering the multiplicity of acattering channels and the variation
of scattering parameters requires the sevare introduttdon of approximations, e.é.
Born, DWPO, R-MATRIX, Impulse, Close Coupling, Variation Techniquea for particular
scattering processes. If, in addition, we edd a radiation term then we can aee how

quickly the complexity of Scattering Matrix S5 will grow.
¥{FINAL) = 5 ¥(INITIAL).

In electron stom scattering we have (a) elastic scattering, {b) excitation
and (c) ionisation. These, with the presence of a radiation fleld can be written

(A) o(E ] + mfiv + A(E_) + @(E_ Tw) + AE)) ofm £ 11w
(B) e(E,) + mhw +ALE ) + o(E, - Ey £ T) & A'(E)) + (m ¢ Lhw

(€) o(E;) o afiwe A(E) + €(E, = TP & fu) « 2* elm g Vihw o e(E)

In (A) the atom pemin. s in the ground state Eo and plays the passive role of

a thipd body whily the slectron absorbs (K = + 1} or emits {N = - 1} a photon
{considering only singla-photon transfer). This process is stimulated Breamsastrahlun
and the electron and ragiation fields interact with the ‘recoil’ provided via

the elastic scattering potential. In (B) the incident electron also excites the
atom from state Bo to £1 and interacts with the radiation field with a photon-
transfer. In case (C) the atom ia jonised but again with photon transfer to the
electron. In this case the ejected electron (Ee} does not interact with
radiation field. As we go: from A to C there ia a change in the coupling

of the electron to the atom and this will modify the absorbtlion/emission of photons.
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This is of courss the multi-photon extension of thess processes whers N > 1,

In general, the electron-atom-radiation system can be expressddas{in a

perturbation treatment)

‘H s Hyp (atomic) }
* H. {electron) : separats Hamiltonians
* Ham(ndiluon field) )
+ H._nllloctron-a:onic) ;
+* H“_Rmtatonic-radiauon flield) } interaction
) Hamiltoniana
)

+* I~I°_M‘._l {alectron-radiation field)

Resonant Interaction

If the laser is resonant with s stationary atomic state (see Flgure &)
either by 'ﬁul z Eo - E‘ or by n ‘ﬁua = Eo - E‘ then we will have electron
scattering from & pesped state with the "AT-RAD term on resonance. Experimants
of thigaingle-photon type have been done by Hertel et al. (198 )} in aodium and
Trajmar et al. {198 )} in barium. We are not concerned with the proceasea in which
the 'atomic + radiation' state lives for a long pericd of a few nanoseconds.
In addition, the electron can have

a quasi resonant excitation if

bof =i I
the incident electron energy E; TT T T 4 = IA
is resonant with a Feshbach reson-
ance. €g. li:1 = 19,3eV helium

f, )
negative ion resonance. In this '

- [ (o — RErOenwcE
case the negative A" is formed
for 1=10"'"s. kv,
: A/
Again we are not directly _
) _—_—

concerned with the processes.
In SEPE we will exclude any
form of resonant coupling of -
Figet? (f)
either electron or photon to

the atomic target.

Non-Resonant Interaction

In this case slectron-radiation and atom-radiation terms are equally important
but not necessarily of equal strength. Indeed 1t is known that as W+ 0 the
atoa becomes 'transparent! to the laser field and the atom-radiation term can be
ignored. In thesa non-resonant photon cases the atomic structurs will be very

important.

EFE
L0

In caae (‘I) it is posasible ror the transition from Eo to E:l to occur but
without the electron loaing (I-:1 - 80) if the photon can be used to 'bridge the gap'.

We can consider several combinstions of E, and Fw as in Figure (F°}.

7,7,,==‘ 777’7”’ 777?,,, 77 77’7-
s »
&»
—_—— F,
b & } : -
& b [ R o

Fyuw

In figure ¥ the ] height of the lines represent the energles of the photon {~~3)
and electron {=-p }. HNeither e.n-rsy 18 resonant with any level. In cases a and ¢
the electron can separately excite the level E1 and in no case can the photon
separataly excita E‘. In cases ¢ and d the electron is scattered with an
increase in 1ts energy which arises from the surplus of photan energy over E] - 1.e.
the alectron ia SUPER ELASTICALLY SCATTERED. In cases a and b the electron will
lose energy in exciting E‘ with the photon. 1In case b it requires BOTH the

photon and electron to excite the state El i.e. SEPE - a new process.

py W

-

ey
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Let us assume that the radiation fleld is weak and only lowar-drder photon
procéssea are applicable. Then perturbation is valid for atom-radiation interaction

Using Feynman diagram$ the electron-radiation interaction can be described by

Vi '"MNL_—” Fo §)
v

where V(r) is a local potential replacing He-AT' The photon only couples to
the electron. The croas section can be derived from these two amplitudes. This

approach will fail when

{a) the radiation intensely increases
(b} the frequency increases

as now the photon also couples to the atom. Consequently we will need 4 diagrams
Fy@)

~1 @ ® €) a)
in which —»— repreasnt He-AT‘ In the limit w -+ 0 amplitudes ®c® and "d"
g to zero. In a and b the electron is 'dressed' whers as in ¢ and d the

atom is ‘dreased’.

It is not always possible to use perturbation theory especially in the very
interesting areas of threshold excitation and when there i3 any ‘resonance’
interaction. The simpleat way to procesd is normally to require that the HAT-RAD
interaction is neglected « 1.4, neglect Feynman diagram c and d. Now all the
radiation coupling to the acattering process 1is via the electron and the interactlon

of the electron and atom is treated with a potential WVir}.

The solution of the Schridinger equation for the interaction of a charged
particle and a plane electromagnetic wave can be sclved exactly and i3 called

the Volkov solution (see Rosenberg 193%) and can be visualised using Feynman

- 11 =

diagrams as in Figure L{,) where * represents the Volkov solution. It is
clearly seen that this consists of an infinite number of amplitudes glven in
increasing order of photon coupling, 1.e. a 13 zero order, b and ¢ [first
order, de f g second order etc. Due to the non-conaervati;n of energy and
momentum between electrons and photons all the interactions are VIRTUAL. The
interactions only become REAL when there 1s a third body present which will
conserve the energy and momentum. The third body is a potential Vir) which of
courae will alsoc have different ordera of interaction with the electron. If we
consider the lowest order (i.e. First Born} then ths solution of the photon- ‘

assisted collislon can be written as

vt)

whete + is the dressed electron propagator; virtually dressed to all orders

in the radiation field, If in the collision N photons are transferred via

N
the real states formed due to presence of Vir) then the cross section (%%)
can be written as

N P E+Q BORN
dg r 2 dg
[_‘m, z 'F; JN [""ru, (dn) [, (R}

whera Pr ia final electron momentum

P, is initial slectron momentum and Q the momentum tranafer.

1
E i3 slectric fleld strength and w the frequency
J is a Besssl Function.
Note thaf thisformula j
{1) Correct to all orders in radiation field.
(11) No restriction has been placed on laser frequency or intensity.
{111} Providing (E+@/wl) € N then Bessal function can be written
i g tn®
which gives the correct low field result, i.e. identical to the lowest

order treatment.



. 12 -
{iv) The only reatriction is on the order of the scattering which in this

case is the 1at Born approximation.

In order to improve on equation (4) we must include the higher-crder
terms of V{r). Incluaion of the higher-order Born terms can Be easily included
in schematic form as given in Figure { ). MaLhematical summation of thia
series would give an exact reault but it is difficult. However, by replacing
the dress electron praopagators (other than the initial and final operabors} by

free slactron propagators we obtain

N | 31-] EXACT
do £ 2 do
@ = ‘T’? Ju (-;,-1 ) erersesese (B)
where equation (B) differs from (4) in that now we have the EXACT scattering
croas sectlon but one not asscclated with photon tranafer. The phyaical conditlon

implied in replacing * by J is w 13 small.

Consequently equation (A) 1s corrsct to all orders in photon tranafer but
only the lowest order i acattering; whereas tquatlon (B) is correct to all orders

1A scattering but only loweat order in photon tranafar.

Introduction.

SEcTioN 3

SIMULTANEOUS ELECTRON-PHOTON EXCITATION OF METASTABLE He STATES :
USING A ND-YAG LASER.

Utilising bosons and farmions to excite discreste atomic states is of
fundamental interest to Atomic Physicists as well as having a practical application

in high temperature and partially-ionised plasmas sncountersd in fusion studies.

The simultanecus excitation of atomic atatea (discrete or continucus) when high-

Fy =

denalty lasers are in use can have cross-sections which sxceed the direct electron

excitation crosa-gection.

The object of the experimens i3 to detect the process e + hu + He + e” + He*
for incident electron energies pear the threshold of the direct reaction e + He + e‘++i
and to eatimata the crosa-section. The experimental arrangement is shown in Fig.l .

A pulsed electron beam with energy of 19 eV (for examplae) and a photon beams from a
O-switched Nd-YAG laser intarsect in the beam of He atoms from a gas jet. Atoms

sxcited to the 19.8 eV wetastable jsvel are detected in a channeltron multiplier

;
k:
[
I
ESme from the interaction regian. The laaer intensity is of the order of 109 H/cmz. Y
wLaser on® shota at 20pps are interleaved with “Laser off" shots at the same repetitior
rate in order to subtract background due to the direct excitation of metastables by
the high-energy tall of the election beam. The laser and electron beam fliring signals

H

are generated by a CAMAC unit interfaced to a GEC 4080 computer which also logs

i

the time of flight of each event. A achematic diagram of the electronica 1s shown

in Fig. 2. k-

oo

No experimental, and only a }limited amount of theoretical work has been done

oy we

1o this field of research. The scattering process at threshold can be written '
) s AM(e,) + ef0)
e(Ei) «hu s l[:o shle) re

where the incident-electron will lose all its energy, Ei' in exciting the atomic

atate (tll. where E, + L A £, « €, = Ac. The general process can be underatood &
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by referring to Figura (A} which shows the )

two dlacrete atomic states ¢, and g, £
with the incident electron energy E, and
4 4c+ €, -£,
photon energy 'ﬁa. Separately neither the v gt .
(3
electron nor the photon 13 sufficiently &

energetic to excite the atos from ¢ to
° Fig &)

e but the combined energy 'EL +Hu > ae

i3 sufficient. Excitation of the 6 state

can be detscted by cbssrving the energy

spectrum of the acattered electron E. N

and in this case an energy loas peak’. at

Gsv
|||_I “'1 114

Ca--dbu--3 A
(ég-bttm

Ea s E1 - (Ac-ﬁul will be observed. If

4w > A then an energy gain peak will occdr

at E = E (ko~ac) analogous to stimu-
lated Raman acattering of light. Note Fi# (8)
also that if Ei » Ac then the directly

excited state will be observed at E' H] El - 4. See Figure (8)

The electron spectrum will also bs complicated by the presence of slectrons which
have undergone a [ree-free scattering process in the radiation field resulting in

electron features at E = E11nhu where @ ia the pumber of photons absorbed or

emitted by the electron during the scattering avent, In addition, the electron spectra

‘ are measured differentially with the need to mcan the spectra reaulting in lower

signal rates and a much increased operational leser time.

In this experiment the crossesection ror the electronjphoton excitation is
measured by detecting the excited atoms directly since the presence of free-free
electron features would unnecessarily complicate the analysis of the spectra.
Observation of the exclited atoms has the dual advantage that since all of the atoma
can be detected it i3 equivalent to making a total electron scattering measurement

without the inherent background problems assoclated with the primary electron beam.

- 3 .

Experimental study of thess off the ‘energy-shell' collisions is not possible
with conventional light sources due t¢ their low intensities, but the high-intensity
laser sources now available make theas experiments feasible. In particular the
already available Nd-YAG laser systes at R.A.L. which can produce intensitles of
1013 H/cnz would permit measursments to be made aC intensities where the laser~
assisted scattering is of comparable magnitude to the direct scattering. In the
firat instance the experiment was performed at -\-lo“' U/Clz using an guxilliary

laser (JK) of high-repetition rate.

The particular process we intend to study ia combining a Nd-YAG laser (fiws1.17¢

1

|

and a primary electron beam lE‘='|9e'U) to excite the 19.8eV metastable state, 2 Jsl. ':
3

in helium at 0.37eV above the threshold in the cross-section. 4 helium target is
particularly well suited to this experiment as the two lowest-lying states are |
metastable at 19.8ev. 2 S,. and 1@.6eV, 2 'S;, and helius has the highest

threshold againat multiphoton ionisation of any gas target. The high internal energy
of the metastable atate also makes 1t easy to detect 1n.a surface lonisation detector
The advantage of a large photon anergy [1.17eV) permits the use of:convenuonal B
electron gun with a high primary-beam current {*“1pA) and a low-energy resolution

of AE ~ 0.4eV, which 1s still sufficlent to prevent excitation of the 2 l.‘.io state,

whereas & f.‘D2 1amer (hw=0.11TeY) would requirs an operational AE of 0.030eV with

=

the resultant reduced prizmary beam current of %3 nk. In reality, the 'tail' of
the slectron beam can produce direct excitation of the He® hence the experiment will
be conducted in a pulsed mode {laser on/off) with the difference signal giving the

contribution of simultaneous gjectron-photon excitation of He'.

The general experimental configuration consista of three mutually-perpendicular *
beams [atomic, electron and laser) intersecting in a collision region with a common j
beam overlap of _tlm diameter. The atomic beam is produced with a hypodermic needle r:
located Ima from the edge of the collision region. The metastable atoms produced ‘3

4
drift out from the interaction reglon and are detected in a channel electron

.

aultiplier located S0mm from the interaction region. The detector is suitably

oriented to allow for momentum transfer effects to the target due to the scattering

PE
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avent. The electron beam and the laser beam are both pulaed in order to give
maximum discrimination against the background of direct electron excitation svents
produced by the high-energy tail of the electron beam. The netfat&blt time of
flight (240us) 1s recorded and stored in the computer used to control the pulsing
system. It gives added discriminatlon againat the detection of scattered electrons
and any UV photona which may be produced by multiphoton processes in contaminants,

In addition, biasing lelds are used to sliminate moat charged particles.

The cross-section for the laser-assisted scattering is eatimated to be <10'J

of the croas-section for direct scattering, at a laser intensaity af about 109 watts/
cnz and thus the feasibility of the experiment depends on the abaence of any
significant high-energy tail to the glectron beam. Since the laser "on" time is
only 1.7 x 10'8 sec/pulse at a repstition rate of 20pps, a high peak electron beam
current i3 also needed. A normal slectron gun is unable to fulfil both conditions
similtaneously and tha tungsten ribbon filament was replaced with L'Bg- a low

work function emitter, and suitable conditions were achieved in tests.

Rahman and Faisal [1976) have shown that the simultanecus slectron-photon
excitation for the H(25) state of hydrogen is greater than the dirsct electron
impact excitation cross-section providing field intensitiea of 1013 Htcla are

employed, Using the value for the direct electron impact cross-section of the

2 Js‘ helium state we can obtain a working estimate of tha expected aignal. Hence
with d at 0.37e¥ above the threshold, with Fky » 1.17e

2

3 ~18
o
DIRECT 2 S‘l s 4.4 10 cr

1= 10" Wen?, a gas beam pressure of 210°° torr and a SuA  beam then we can
expect a metastable production rate of 60 atoms per pulse. However, allowing for
the quantum efficiency of the channel electron detector {50%) and the possible loss
of signal due to initlal gas beam divergence {50%), this could reduce to 15 counta
per laser pulse. Focussing of the laser and electron beams to the required alze
{1mm dia.} is considerably less of a problem than producing a gas beam of the
required dimensions and large signal losses from these beams is not expected.

Therefore the experiment is feasible provid:d the plasma problems associated with

high-intenalty laser pulses can be overcome.
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Although the simultaneocus slectron-photon process is in general a second-order
effact, it only hes a first-order dependence on the radiation fleld. Hence an
intensity of 1013 HICIZ {2 100 J pulae of 10'9 8 with a apot alze of imm diameter)
is only’tsflozo photona and with only 3 pulses per hour (maximum rate avallable
from the Glass Laser at RAL) the total photon flux is 1.5 x 1021 photons per
hour whereas & amall laser giving 200 wmJ pulaes but at s repetition rate of 20 pps

gives 7.7 x 1022

photons/hour although its intensity is anly ~ 107 watta/ca®.
Hence when we atudy only the first-order proceas E1 ] (Atl-hul the signal will
increase in proportion to the total photon flux, i.e., 770/15 = 51 and by a further
factor of 3 if the pulae energy of the J.K. laser is increased to 600 mJ. Funds
will be made avallable by laser division to upgrade the present J.K. laser to this
apacification. However, ta investigate higher-order effects when 2 or more quanta

ol radiation ars involved {n the aimultanecus excitation E, =z Ac-ntw, n > 1, it ia

1
necesaary to employ high-density radiation fields in excess of 10‘0 uattalc-z, and

in this case it will be necessary to use a high-power glass laser faclility.

Although the 2 3S| metastable is the lowest bound atate in heliua there exist
several Feshbach-~type resonances built on 2 351 as a parent state. The lowest of
these i3 (13 25%)% at 19.3eV with a much weaker remonance at 19.45ev, (is2s 2p)°p,
and several in the reglon 19.5eV to 20.3e¥. Such resonance states may assist the
simultaneous electron-photon excitation process when hw =z 1.17e¥ due to the tall
of the electron beam exciting a negative ion resonance in the target. In helium the

1ifetime of the 19.3eV resonance (128.3 w14

6

a) greatly exceeds the lifetime
(1=5.6 to" a) of the virtual state produced by the laser field dressing the atom.
Hence in order to ensure that only & 'purs’ electron-photon excitation is detected
it will also be neceasary to frequency double the laser to 2hw{=2.34eV) which will

remove the possibility of accildental negative ion resonance excitation.



Experimental Details

The Electron Beam

& detailed layout of the beam is shown in Fig. 3 with typ}cal voltage
settings indicated. The slectron source Fowas originally a tungsaten ribbon
but changed to & us6 crystal. The centre tap of the heater is the refsrance
earth of the system. [F 13 enclosed in & Wehnelt cylinder XH with a 1am diameter
aperture iom [rom the tip of tha eaitter. The voltage on this cylinder ia pulsed -
all others are Dc. The voltagea on A and L1 are set to focus the emitter on
an aperture, O0.7mm in diameter in L1 which ias (ollowed by a second aperture of
the same diameter to limit the angular apraad of the beam. The firat aperturas 13
imaged on the interaction region by the gap-lanses between L1 and L3, L3 and L4
The voltage on L& determines the snergy of the beam. The beam is first tuned to
glve maximum current to the collectopr L8 and then further optimised to give

maximum metastable production when L4 i3 aet to the peak of the excitation curve.

Tha quality of the beam focus can be judged from vertical acans of the beam
across the Jom diameter aperture in L4, 2.5am from the gas Jat. The sharpness
of the cut-off on the aperture peasures tha beam helght, which is only0.27am, FWhM.

It could well be smaller at the position of the gas jet. The emitting region of

the I..aB6 source may be as small as 30 m. This vertical scan 1a used to centre

the electron beam accurately within the aperture.

A horizontal acan gives & convolution of the jet diameter with the beam width.
Assuming cylindrical symmetry of the ¢lectron beam, we found tha Jet to be 0.5ma

FWHM, which is compatible with the noxile being 0.4mm in diameter.

-~ The 16 Volt, 30n Sec wide, 7n Sec rise-time pulse applied to KH for both

"Laser on"* and “Laser off* shots comes from & commercial pulse generator triggered
externally. The spread in arrival Lime of scattared electrons at the channeltron

accurately reflects pulae width.

HELIUM IN

-—t.

DETAILS OF THE EXPERIMENT ARRANGEMENT, THE LASER BEAM ENTRY i5
PERPENDICULAR TO THE PAGE AT THE COLLISION REGION (MARKED X)

Fig3
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Low-enargy electron beams are plagued by the built-up of charge on insulating

deposits on the surfaces of electrodes and on insulators. Ours 1s no exception.

The Laser Beam

The layout of the optics 1s shown in Fig. & . The "JK" NA-YAG laser produces
up to 200 multi Joules in a 17n Sec (FWHM) pulse at a repatition rate of 20pps.
It is run sultinpded, in practice in a low order. The jitter of the ocutput relative
to the Pockels cell trigger 13 typically less than 5n sec and the output energy
ia stable for long periodsa, The beam is expanded and focussed through the inter-

action region.

The plane of the gas needle jet 13 imaged on a card at 6.5 Limes magnification
where a clear image of the tip of the needle jet can be seen in He-Ne 1llumination.
The experiment was 3¢tup with a amall box (later removed) concentric with the
aperture in L& so that the poaition of the axis could be msrked with a precialon
of 0.25mm. Fig. shows the laser beam profile for one and ten shots., The

9

peak intensity is of the order of 2 x 10 chmz. The aignal atrength ia proportional

to the total number of photons passing through the interaction voluve defined by

the intersection of the electron beam with the helium jet, during s run.

Synchronisation

The laser was synchronised to the glectron bear by comparing the arrival time
of pulses from scattered electrona with thet of a pulse produced when the laser

beam was steered to generate a weak plasma at the tip of the gas needle Jet.

The Gas Needle Jet

This is a bypodermic needle supplied with research grade He gas at about
8 torr at room temperature. The supply line passes through a liquid nitrogen
bath before reaching the flow control needle valve. Standard high purity He was
found to give rise to substantial background at electron beam energies about 10

U torr. The

volts. With the jet off, the base pressure of the system {10-
mpressure” in the jet at the interaction point is estimated to be ~ 1073 torr.

With the jet on, the ambient pressure rises to ‘IO'6 tore.
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The Detectlon System

The channeltron is mounted inside two separate, independently earthed, copper
boxes with a ssall entrance apsrture upstreas of which is placed a copper cylinder
equipped with deflection plates. Bias voltages applied to Lhia'cyllndnr and to
the mouth of the channeltron prevent the detection of almost -il slectrons or iona.
The anode of the channeltron is capacitatively coupled to an amplifier which fesds
8 gated discriminator. The channeltron is operated at a voltage somewhat below the
saturated amplification level. In DC operation the maximum count rate of the
channeltron is a few times 10° per second. However, it will count several
particles in a short burat at an instantanecus rate of almoat 106 por sacond.

We adjust the count rate in the experiment (via the gas needle jet flow or the
cathode temperature) so that the rate at the astastable peak is of the order of cne
per four pulses. In this condition as many 88 one scattered slectron per ten or a
hundred pulses may be detected at the time of the electron beam pulse, deapite the
bias. The function of the gate ia to pprevent these belng recorded by the computer

aystem, which can only log cne event per pulsa.

The output from the discriminator is used to stop & 1MHz clock in the
CAMAC unit which is started at the tima# the fire command is issued Fig. 2. ., When
a stop signal is received, ths CAMAC wunit generates an interrupt to the computer.

The computer reads the time of {lignt for the avent, a laser on or off flag and the

number of pulses since the last event of that typa, and histograms data {laser on/ofl

flight times, laser on/off elapsed pulses), The discriminator alse festns scaler,
Since this can record more than one event per pulse, comparison of the scaler with
the sum of on and off computer svents enables us Lo decide whether any correctlon
for dead-time effects should oe made. No correction has been required for the
present data. The generation of new trigger pulses is suspended until the tranafer
of information is complete. Normally there is no interruption to the {overall)

40 pps rate. However, il the computer is engaged on another task a pause of from a
few secondsto two minutes i3 introduced. The laser and the electron beam are not

triggered during the pause.

Scattering Geometry

The momentum transfer [rom the electron to @ He atom at the peak of the
cbaerved velocity distributiocn deflects it through an angle of 17}° on average,
with a spread of 2.4%. Estimates of the apread due to the divergence of the gaa
wers sade for laser-aasisted events and for directly-produced events, The longi-
tudinal apread is somewhat smaller for laser-assisted svents becauss of the amall

aize of the laser beanm.

Time of Flight Distribution of Metaatebles

The obaerved disatribution is quite sensible apart from the pronounced narrow
spikes sesn in the typical exsmples of Fig. 5~ . It is concelvablae that the first
apike is dus to the datection of UV photons produced by metastable de-exciting
on ispact with the aurface of L4 at the edges of the exit hole. Thias ia, however,
unlikely since no such explanation can account for the subaequent structure which
48 30 similar to the first spike that it is likely to have the same cause. Because
of delays in triggering, the "laser on" time diatpibution hasa different registered
clock time from the “laser off® distribution, by 180 psec, but it also shows the
same spikes, 50 missing binary digits are not the cause. There 13 the possibility
that we &re in fact observing scattared electrons due to occaslcnal after-pulaing
of the electron gun, However, the pather large (in this context} width (™ 4 psec)

of the peaks makes this also unlikely.

Difference Meagurements
When running at or close to the peak of the direct metastable production very

high atatistics were obtalned. However, in order to demonstrate the existence of
the laser-assisted process it was necessary to ait at the bottom of the ateepeat
part of the direct process excitation curve, where small changes in electron-beam
energy can give large variationa in count rate. In one set of runa a aignal was
seen which disappeared when the laser beam was blocked and reappeared when it was

unblocked. Howaver; we now believe the timing was in error during these runs,
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Subsequently, attempts were made with supposedly better timing but no reproducible

signal was seen. A parasitic sigpal was however seen with deliberately bad timing.

One posalbility is that some of the apparent laser-assisted events are due to low

concentrations of contaminants in the Jet which vary from time to time.

A sultiphoton proceas might then occaslonally occur giving spurious eventa.
However, the difference time spsctrum ought to show a substantially different mean
velocity in this case and it does not. Alternatively, an occasional laser pulse
producing a small amount of surface ionisation on the electrodes defining the beam
snergy could cause a minuta shift in beam voltage and thus an increase {or decrease)
in direct proceas background, but only when sitting on the aloping part of the

curve and thus not visible when simpie null tests were made at the peak of the curve.
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