I,
A= S = A
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MEOHES fog mnm:m_‘_zm_ Cross Sections
.._..-m.f -

ﬁ__hﬁn_‘Omm sections near threshold
Jnce profile

n mnmﬁmzza cross section at high
L_mm (asymptotic formula)

ﬂ
e

L
m_‘

I.l
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Jverall picture of scattering cross sectio
_— T . - !. - - , i -

Resonance profile

Asymptotic formula

Electron energy
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Outgoing wave
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_%E.m::-mnjﬁ_:mm mn:m:oi

_M .mnraom&smﬂ mncmmm: 3
(V2 + &2 =UG)P

A general solution is written formally as,

P(F) =" LQE@ 7L AU (F)P (7F)dF

— ..L

| Green's function of outgoing wave :
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d> 2d E+:
+— ~U(r)+k* |R(k,r)=0
dr* rdr r? (r) (57)

 Partial - wave expansion of f and phase shift 5, :

3 E ElmﬂM@i?%& (k))—1]P(cos 0)

IK =0

= 2 Integral representation of phase shift :

S tan 5, = —k [, (kYU ()R, (k. )l
0

Differential cross section :

Integrated cross section :

o(k) = M; /] sin6d6 = ,W..Mﬁ?:ma J,(k)
0 1=0
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L Convergence of partial-wave expansit

Impact parameter for particle momentum ( 3. and orbital mzmr__e_. momentum (L) :

i

p

- i e L
.-. .| '3 |.-J..._. i ~

Particles with orbital angular momentum L > pa

are not scattered by potential which vanishes beyond a certain distance a.

— -
e e

3 -
- P e

oy -

—

P p——
-

T iy
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Cross section of s -wave:
4

o~—sin’5,(k)=0 at J,(k)=nx.

_‘Am

S o8 Argon — —
In Jena | was particularly interested in a
paper of Ramsauer that | am not able to
believe, though I cannot show any
mistake in the experiment.
Ramsauer obtained the result that in
argon the free path lengths are
Neon A anclir laroa st var .

i tremendously large at very low

=

<
-—T
/
f
't
-

U
o

|

L

1

-

erschaitlinn cmem? ——s

i

velocity of electrons....If this result is
right, it seems to me fundamental.

— R e — : —

A Bl Helwum J. Franck (IS5 — ALY DERBDT524) HN
At .ﬁ-.-a.?&r;.ﬁu.r-..-:t-....

wWirksamer
By
T A

. r:
h_. o

e =R LED7EDIH3AE IR (2006

C. Ramsauer, Ann. d. Phys. 66, 546 (1921).
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I==3
| N |

External solution by linear combination of spherical Bessel functions { j,, 7, } :
R (k,r)~ j,(kr)—tano,n,(kr) for r>a.

Matching logarithmic derivative of internal solution y, = —xm_ (dR,/ &L_ (r<a)

external solution (r >a)atr=a:

_ &,/ dr),..~7i(k)j(ka) r=a
(dn, dr),.., = 7,(K)n, (ka) =

=2[r*, s>2

tano,

k—0 k—0

~ Aslim y, does not depend on £, tans, ~ k**'.
tan &, ~U(a)>>k’

-

Defining scattering length o = — ,_ﬁ:m .

scattering amplitude becomes f* ~ —a, and total cross section o ~ 4za’.
—» k—0
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tand, =—k ?\H_ (kr)U (r)RE (k,r)rdr
0

Regular Coulomb function #; :
v, (kry=k 'F,(—1/ka, kr)
limy, (kr)oc k™, aslim F,(—1/ka, ,kr) < k.

k—0 k—0

= mnmﬂm::m amplitude 7 oc k', and cross section o oc k °
:._E is consistent with Rutherford formula.

4

U(r) \\\\\\l.

—2/r

3

*
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Differential cross section for inelastic scattering :

ﬁ&qﬂmn . mh«... 4,\3 _M
ks 2

dQ2

tan 8, = —k, [y, (k" )U o (r)R, (ko,r)r*dr
0

tan o, ,
\q k50 k
q

For excitation of ion (long - range potential) :

do,,

d<2

2006/08/25 Bz =

0
x k, (constant)




 Temkin - Poet model (s> model):

(| 1
Vi+Vi+—+—-
h n

+EW¥Y=0

max(r, 7, )

B
m@_mﬁ 1s-2s excitation cross section of H atom

.:fhuu...

n=3 n=L n=5 n=6
006 —
Cusp or rounded cusp at
inelastic channel
005— threshold of s-wave

—

| “
0-75 080 c8s 090 095 100
E. (Ryd)

5006/08/25 FFE 2 R. Poet, J. Phys. B 11, 3081 (1978).
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Intensity (art. unit)

g
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"
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400 - (b}

3G

+

Intentisy Ratio to 3D

. \j mxumzamim_ X-ray spectrum of Xe ions
~measured at the Tokyo-EBIT. Electron beam
“energy Ee = 5540 eV (below the ionization energy
of the Ne-like Xe ion).
(b) Synthetic spectrum convoluted using the
Gaussian distribution function with a full-width-at-
half-maximum of 2 eV, 3D, 3E, 3F, 3G, E2M, E2L,
and M2 lines are of Ne-like ions.
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AU

3G

n=4

(] L
i

i

X-ray Intensity variation as a function of electron
energy. 2p,, —nl excited level energies and the
ionization energy of 2p. ., orbital are indicated by

vertical lines in the upper part of the figure.

D. Kato et al.,

JPFR Vo,

7, 190 (2008),




Electron Beam Ion Trap (EBIT)

Super conducting magnet Electron beam

i il ﬂWV m @/
Bemn - } 7 g
g

XD ritbes O

Applied electrostatic
potential
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e+Arc* (3s2 'S) — e+Ar®* (3s3p *P?)

2 2
al P — P 2
coranal red line -_. =
2F =
% 5[ ] |
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o o | 4\ i
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Energy E (eV) INTERACTION ENERGY (e

M. Niimura et al., Phys. Rev. Lett. 88, 103201 (2002). Y.-S. Chung et al., Phys. Rev. A 55, 2044 (1997).
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e+ Fets(1s2273sn)
Lu. B 20+ Fe'6*(1522522p°)

4.5

Cross sectlon {,m.!'l cm; )

Direct ionization only

Energy (eV)

2006/08/25 mmauﬁw M.H. Chen et al., Phys. Rev. Lett. 64, 1350 (1590)



Vacuum

s

u.r._.i,: E::m_ under

tial _umx_m_. between atomic

!WnHif.i conduction band.

= .pﬂc:.__n.mﬁmﬂm above metal surface
IS equivalent to a shape
resonance state in scattering of

surface conduction electron by

atomic core.

2006/08/25 A=

.p\b.

:electron self -image potential

: proton image potential

e i e e o L ERUTE

A
-

Potential Ridge

— -

D. Kato etal., JPFR Vol. 7

, 183 (20086).
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ystem (complex eigenvalue Eo_u_mé

.a.. murm_‘_nm_ Boam_ o

: —
1 d* 1
~S o=+ V(D)4 (D) [¥ = £(D)¥,
2 dr
with an outgoing wave boundary condition (d/dr —ik)¥| =0,

where k = +/2¢ :..mmm_.:,na _.,_.c_.z the bottom of conduction band.
i< 1;1_ _um; of k?,
IS ,Emn.. part o_n —k?
oo | Blue: D =20a.u.
| Green: D = 14 a.u. T . Rl TP R
e Red: D = 10 a.u. L L g ] . 1
st ~ 1E-31 g . ;
o § B & e o
., A. &5 .k "y, =8
il Resonance state . . g “ = .
1E-5+ a LS
/ Ty m = .r...
%a_ I 1E-6+ "\ "
" Bound state g m
1E-7

-0.01

0.5
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E Ve c:Bos _no_, ﬂmmo:m:nm state ©

Stronger coupling with conduction
band. Larger energy width.
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- » e

} Lu.ﬂ_ | stay s far side.
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Resonance component of scattering amplitude:
/2
k E -E-il/2

P, (cos0)

Resonance profile of cross section (Lorentzian) :
472(21+1) rk/4
k> (E-E) +I?/4

Lifetime of intermediate state :
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.~ Fano's formula
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i

|

b6 He(1s21S) — e+ He(252p 'P) — 26 + He'(19)

e Ml
L S
e .-
et i

g

i

(asymmetric profile) S

e

R S TS

_”:_._wm,m forward scattering Fitting by Fano's formula

Helium Specirum - Zero angle
scceleroting Vaohlage S04
Firs! Peok 600 £ |

Second Peon B35 £ 2

Thousond Counis per 10 Sec

T

Energy Loss = Volts

S.M. Silvermanand E.N. Lassettre, J. Chem. Phys. 40, 12
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ENERGY LOSS E,ev

U. Fano, Phys. Rev. 124, 1 (1961)




Autoion

T

izing state of He atoms

e W e
S

RPN He' (N=3)¢+ ¢
. e, iy, o

i
e e e

THIRD IONIZATION THRESHOLD 72.9 eV

o .,./ Het(N=4)+e!
ot P IRI I N

FOURTH IONIZATION THRESHOLD 75.6 eV |

m:&: 2e m

DOUBLE IONIZATION THRESHOLD 79.0 eV A
40 50 60 70 80
T

Il 'R

GROUND
STATE
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Linear combination of a discrete autoionizing state (¢)

and a continuum state (y/. ) :

v, =ap+ [dE'by,

Fano profile of transition probability :
(. |7, _(q+ey
A
g parameter :

, where e=(E-E,)/(I"/2)

U. Fano, Phys. Rev. 124, 1866 (1961) H 5. _A%_ﬂA
2™ " H
_Aﬁm _jﬁ_v_ I




. o

ross section by fast electrons,. -
(Generalized oscillator strength) - _.fivlr

wmﬁ.mﬁ Born mﬁ?.cxm:._mmoz of scattering amplitude :
where 4= .ﬁ_ I.mq.
Bethe integral of the amplitude:

_.@ 3 @, (F)drdr,

....lw.

M — JAF —
fy == [, (Fre™ o, (F)dF
Generalized oscillator strength :

F,, (4)= Amq - msvw.i b.ﬁ_ (r vmim%ﬁkm vaﬂiu

2k,

D.ﬂ_ﬁkulbﬁAm. MV _. M aﬁ.mv.aw‘l

E, .L:

Optical oscillator mz.mzm:_ :

g = NA.m MLA.%Q T._.n_*vcv_M r \%

q A0
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o oJs __.om__< m__oéma transition.

Ak,
B (i)~ 2% (&, - E 1
AR S Y,

Mﬁm

0

z

- BT A

1's = 2'p
o 400eV
= 300eV
a 225V
a 200eV
o 150V
s 100eV

1
!4‘.‘.‘] eV
300 eV
225eV
—]' 200eV 3"
100 eV

/
150 eV
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E="Scaling e_“ mass and charge

: e =nlimber of projectile particle is
&m_a at high energies. Cross
~—s@etion curves of proton and
electron are merged into an
asymptote,

2006/08/25 BFZE+

Solid: mm._‘:._uﬁca_n formula
_Dashed: experiments.

log (T/R)



. Asymptotic formula for forbidden transitions

T

G370 (k) = .m.MiAG

m

s
L]

.

- .I'.i

€ros: n_ mmnn_o: of He atom

1P ._:.,.k_,w._._._o_nanm_:‘ allowed.
Bidden 2 1S cross section declines
steer EL. Cross sections of 2 3P
== =and-2 7S decrease more rapidly as

e

-m:mnuw increases. They are due to

~ exchange scattering: exchange
= between projectile electron and one of
target electrons (Born-Oppenheimer s

L 107" il L | 1 144]
approx. or Ochkur-Rudge approx.). L i s

AHBFIHRLF— (aV)

a'p
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