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Introduction

• A
tom

s only: M
olecules (and dust grains) are only observable

in absorption X
-ray spectra w

ith difficulty.
• N

o nuclear transitions: By definition these are g-rays.
• N

o three-body transitions: Except in the densest regions,
these are astrophysically unim

portant.
• N

o m
etal-m

etal collisions: D
ensities are such that even H

e-
atom

 collisions are unim
portant.

• N
o neutral plasm

as: M
ost X

-ray em
itting plasm

as are at least
partially ionized, so n

e ªn
H

Som
e Sim

plifications:



Introduction

• Ionization
• Electron/Proton Collisions
• Photoionization
• Innershell ionization

• Recom
bination

• Radiative
• D

ielectronic
• Charge Exchange

• Excitation/D
e-excitation

• Electron/Proton Collisions
• Photoexcitation
• Radiative D

ecay

Im
portant Processes In X

-ray Plasm
as



Energy Levels

G
roatrian diagram

 for
H

e-like Fe X
X

V

Som
e points to notice:

n = 2 level 

Resonance line

Forbidden line

Intercom
bination line(s)

Tw
o-photon



Energy Levels
O

f course, w
ith m

ore
com

plex ions, the
diagram

 becom
es

m
ore com

plex.

In m
any cases, it is

im
possible to

m
easure all of these

levels in the lab.
But the level
energies (and thus
w

avelengths) can be
inferred indirectly
from

 other
w

avelengths.



Energy Levels
Energy Level D

escriptions
Energy levels are m

ost frequently given in LS-coupling :

H
-like: 1s 2S

1/2 , 2p 2P
1/2 , 2p 2P

3/2 , 4d 2D
5/2

H
e-like: 1s 2 1S

0 , 1s2p 1P
1 , 1s2p 3P

2 , 1s4d 3D
3

H
ow

ever, w
hen atom

s becom
e m

ore com
plex, this sim

ple
system

 breaks dow
n.  Som

etim
es both the core structure

and the outer electron structure is given, as in :

n
1 l1  n

2 l2  ... 2S+1L
J

O
-like: 1s 2 2s 2 2p

4 3P
2 , 2s 22p

3( 4S) 3s 5S
2 , 2s 22p

3( 2D
) 3d 1F

3   



W
avelengths

H
ow

 do w
e identify em

ission lines?

W
avelengths present a difficult problem

.  U
nless the analysis

is done line-by-line, there is currently no w
ay to include

w
avelength errors (even if they are available) autom

atically.

H
ow

 good are theoretical w
avelengths?  It depends on the ion

involved, but in general 1%
 is a reasonable num

ber.

Theoretical w
avelengths are derived from

 the energy levels
(the inverse of the lab m

ethod, w
here energy levels are

derived from
 the m

easured w
avelengths).  It is possible to

adjust theoretical energy levels to m
atch lab w

avelengths and
thus im

prove all the w
avelengths, m

easured or not.



W
avelengths

Laboratory m
easurem

ents are necessary! 



Electron/Proton Collisions

Inherently, electron/proton collisional excitation is a three
(or m

ore) body process, although it does not appear to be:

e - + I Æ
 e - + I * Æ

 e - + I + g

O
f course, the ion I actually has at least 1 electron, and likely

m
ore.  A

s a result, the atom
ic calculations of the cross

section for these processes are non-trivial and subject to
significant errors (30%

 is com
m

on).



Electron/Proton Collisions

U
sually, the cross section is w

ritten as a dim
ensionless quantity

called the “collision strength” (w
hich is a function of energy, as

w
ell as low

er energy level i and upper energy level j):

This can be (and usually is) integrated assum
ing a

M
axw

ellian velocity (i.e., energy) distribution:



Electron/Proton Collisions

Show
n here is a calculated excitation collision strength for Fe

X
IX

, using tw
o different m

ethods :



Electron/Proton Collisions
Resonances such as those show

n in the previous calculations
m

ay be significant or not, depending upon the “type” of
transition.  For resonance (allow

ed) transitions, ironically,
resonances are not particularly im

portant:



Electron/Proton Collisions
Resonances (w

hich occur near the transition energy, and thus
are m

ore im
portant at low

er tem
peratures) are m

ore im
portant

for forbidden transitions:



Electron/Proton Collisions
Just w

hat is a resonance, in this term
inology?  It refers to a

specific energy w
here the excitation cross section is enhanced.

This is com
m

only due to som
e autoionizing level that is

briefly populated by the colliding electron:

e - + I Æ
 I ** Æ

 e - + I * Æ
 I + g

The electron excites the ion into a doubly-excited state, but then
detaches itself before any further decay happens, leaving the
ion in a singly-excited state.  It is therefore a m

ore im
portant

process for forbidden levels, w
here decay tim

es are larger.



Electron/Proton Collisions
Conveniently, there are som

e high-energy extrapolations for
electron collisions.  Burgess &

 Tully (1992) com
piled these

results:

• Electric D
ipole:  W

(E Æ
∞

) = c ln(E)
• M

ultipole:          W
(E Æ

∞
) = c 

• Spin-change:      W
(E Æ

∞
) = c / E

2

This particular feature of atom
ic physics has been used by the

Chianti group in fitting collision strengths, guaranteeing proper
extrapolations to high energy.



Electron/Proton Collisions

A
nd now

 for som
e w

ords on Proton collisions.

In equilibrium
, since protons are 1836x m

ore m
assive than

electrons, their speed w
ill be ~43x slow

er than that of electrons.
A

s a result, the collision rate <nsv> for protons w
ill be m

uch
low

er.  In addition, protons are positively charged, as are ions, so
that also m

eans sm
all im

pact param
eter (high m

om
entum

transfer) collisions are suppressed.

 A
s a result, proton collisions can usually be ignored - except for

low
-lying transitions w

ithin an ion’s ground state, w
hich can be

excited by proton collisions.



Radiative Transitions

Transition rates (a/k/a “Einstein A
 values”) are not as

im
portant in X

-ray spectroscopy as they are in other fields,
since only a subset of X

-ray plasm
as are photoionized.

Transition rates for allow
ed X

-ray transitions are large;
typical values are 10

10 - 10
14 s -1.  In general, the rates increase

w
ith proton num

ber Z.

Forbidden transitions can have m
uch sm

aller values; the
O

 V
II 1s2s 3S

1  Æ
 1s 2 1S

0  transition is only ~ 1000 s -1.

Transition rate data are available on W
ebG

U
ID

E:

http://obsvis.harvard.edu/W
ebG

U
ID

E



Charge Exchange

Charge exchange is a process w
here an atom

 gives up an
electron to a nearby ion, usually into an excited state.

In an astronom
ical context, the neutral ion is alm

ost alw
ays

hydrogen (helium
 is the only other real possibility), and that

lim
its the im

portance of charge exchange to those regions
w

here neutral hydrogen coexists w
ith X

-ray-em
itting gas.

A
n exam

ple of such a region is the solar w
ind, w

hich has
plenty of highly ionized carbon and oxygen.  This can
charge exchange w

ith neutral hydrogen in the solar system
and lead to possibly significant em

ission.  A
t low

tem
peratures (kT < 50 eV

) charge exchange m
ay also

significantly affect the ionization balance.



Inner-shell Excitation

Electrons from
 an “inner” shell m

ay be collisionally excited
as w

ell.  In som
e cases this is unrem

arkable; in Fe X
IX

,

2s 2 2p
4 3P

2  Æ
 2s 2p

5 3P
0

could be called a innershell excitation. It decays w
ith a

106.3Å
 photon but it isn’t incredibly significant.  H

ow
ever,

som
e transitions are m

ore im
portant:

1s 2 2s 1 2S
1/2  Æ

 1s 2s 2 2S
1/2

This excitation in Li-like ions creates a photon called the q
line, w

hich appears betw
een the resonance and forbidden

lines in the sam
e ion’s H

e-like system
.  Seeing this line

show
s that there is a noticeable am

ount of Li-like ion in the
plasm

a.



Radiative Recom
bination

Radiative recom
bination occurs w

hen an electron collides
w

ith an ion and becom
es bound, em

itting a photon in the
process:

e - + I Æ
 I - + g

Consider the energy balance in this interaction.    Even
if the electron has zero velocity, it has a certain binding
energy E

i  in the I - ion.  So the em
itted photon has a

m
inim

um
 energy E

i , plus w
hatever energy the electron

had to begin w
ith.

This process creates a continuum
 of em

ission, bounded at one
end, called the Radiative Recom

bination Continuum
 (RRC).



Radiative Recom
bination

In m
any cases the RRC is w

eak, but it is an excellent diagnostic
if it can be m

easured.  The pow
er em

itted per keV
 is:

Tucker &
 G

ould 1966

Sam
ple

O
 V

II
(collisional)
continuum



D
ielectronic Recom

bination
W

hen an ion recom
bines dielectronically, tw

o electrons are
involved.  The first electron recom

bines and is bound to the
atom

.  U
nlike RR, w

here the energy balance is m
aintained via

an em
itted photon, in D

R a second electron is excited as w
ell,

putting the ion in a “doubly-excited” or “autoionizing” state.

From
 there, it m

ay ionize (resulting in either an elastic
collision, or resonant excitation) or it m

ay radiate, “relaxing”
into a singly-excited state w

hich then radiates as w
ell.

M
athem

atically:

e- + I Æ
 I ** Æ

 I* + gD
R  Æ

 I + g



D
ielectronic Recom

bination

g
D

R

D
R is a resonant process; the incom

ing electron m
ust have

an energy that m
atches that of the doubly-excited level,

otherw
ise no transition w

ill occur.



D
ielectronic Recom

bination
Photons em

itted from
 the doubly-excited state are usually called

“D
R Satellite lines” because they are transitions m

ade in the
presence of an additional electron, so are shifted slightly to the
red.

O
 V

II D
R satellites

O
 V

III Ly a at 18.98Å



D
ielectronic Recom

bination
The dielectronic recom

bination rate for any given transition
in a M

axw
ellian plasm

a is sim
ply:

RateD
R  = n

I + n
e  Q

d  exp(-E
exc /kT) /g

l

The tw
o term

s of note are Q
d , the total intensity, and E

exc , the
excitation energy for the transition.

Dn = 0 D
R transitions are those w

here the excited electron
does not change principle quantum

 num
ber n.  A

s a result, its
excitation energy w

ill be very sm
all.

Dn = 1 D
R transitions are those w

here the excited electron
does change principle quantum

 num
ber n.  A

s a result, its
excitation energy w

ill be large, on order the ionization
energy.



D
ielectronic Recom

bination

H
ere is a laboratory m

easurem
ent of Dn = 0 D

R on Fe
X

V
III (from

 Savin et al. 1999).  N
ote the resonances,

w
hich are evident all the w

ay dow
n to 1 eV

, despite the
large ionization energy of Fe X

V
III:



Ionization

Ionization is a relatively sim
ple process, w

ith three m
ain

channels:Photoionization: g + I Æ
 I + + e -

Collisional ionization: e - + I Æ
 I + + 2e -

Inner-shell ionization: g, e - + I Æ
 I *+ + 2e - Æ

 I + + e -, g

Photoionization and collisional ionization have been
m

easured in the lab and theoretical calculations are relatively
straightforw

ard, so little attention is paid to them
 now

.



Inner-shell ionization

W
hether a photon or an electron is em

itted depends upon
chance and the ion involved.  A

s Z increases, the probability
of a photon being em

itted increases; for iron, it is ~30%
.  For

oxygen, it is ~ 1%
.

Innershell ionization is m
ore exciting.  U

sually in the X
-ray

regim
e, it refers to a K

-shell (a/k/a 1s electron) being rem
oved.

A
t this point, the ion is very unstable.  It w

ill either em
it a

photon (radiatively stabilize) or an electron, called an A
uger

electron.  If the ion has be photoionized, this is also called a
“photoelectron” and the num

ber of electrons em
itted the

“photoelectric yield”

Innershell ionization of Fe I - Fe X
V

I tends to em
it a 6.4 keV

photon, com
m

only called the “cold” or “neutral” iron line.



Tw
o Photon Transitions

Som
e transitions are absolutely forbidden, and as a result

transition via the so-called “tw
o-photon” transition.  The only

tw
o of im

portance for X
-ray astronom

y are:

H
-like   : 2s 2S

1/2  Æ
 1s 2S

1/2

H
e-like : 1s2s 1S

0  Æ
 1s 2 1S

0

Curious fact: The A
 values for these transition in O

xygen are
8425 and 2.31x10

6/s.  The A
 value for the O

 V
II “forbidden”

transition is 1044/s!  There is a tw
o-photon transition from

 the
forbidden level, but its A

 value is << 1/s.



Tw
o Photon Transitions

The O
 V

II tw
o-photon transition : 1s2s 1S

0  Æ
 1s 2 1S

0



Error Estim
ates

T
his is m

uch easier for som
e transitions than others.

T
he resonance line of O

 V
II (1s2p 1P

1  Æ
 1s

2 1S
0 ) is

dom
inated by collisional excitation:

 B
ut the forbidden line of O

 V
II (1s2s 3S

1  Æ
 1s

2 1S
0 )

is n
o

t dom
inated by collisional excitation.



Conclusions

• Ionization (m
ostly easy)

• Electron/Proton Collisions (i.e., “collisional plasm
a”)

• Photoionization (i.e., “photoionized plasm
a”)

• Innershell ionization (can em
it photons)

• Recom
bination (harder)

• Radiative (em
its tem

perature-dependent continuum
)

• D
ielectronic (dom

inates recom
bination; satellite lines)

• Charge Exchange (com
ets; plasm

as w
ith neutral H

)
• Excitation/D

e-excitation (harder)
• Electron/Proton Collisions (resonances)
• Photoexcitation  (A

 values m
atter here)

• Radiative D
ecay (em

its observable photons!)

Basic A
tom

ic Physics (for X
-ray plasm

as)


