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Effect of excited states on the ionization balance in plasmas via the enhancement of ionization
and recombination rate coefficients
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Physics Department, Pohang University of Science and Technology, San 31 Hyoja-Dong, Nam Ku, Pohang, Kyungbuk 790-784
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The effect of excited states on the effective ionization and recombination rate coefficients for the ground
states was investigated analytically and by computer simulation. The calculation was done for carbon ions. The
results using carbon ions show~1! the contribution from excited states to ionization rate coefficients becomes
significant even at an electron density as low as 1015 cm23 and saturated from aroundNe.1020 cm23; ~2! the
lower the electron temperature, the larger the contribution;~3! in the case of recombination rate coefficients,
there is still a non-negligible contribution from excited states even at a very low electron density of 1010 cm23,
where the contribution has been considered negligible;~4! this contribution to the recombination rate coeffi-
cients increases linearly with the electron density;~5! the enhancements of the ionization and recombination
rate coefficients increase asNe increases and are saturated to the same value at higher densities;~6! there exists
a region of temperature and density where the recombination is effectively hindered. Some of the behaviors of
the ionization and recombination rate coefficients in the extreme regions of a very low and high electron
density were analytically understood. The calculated ionization and recombination rate coefficients for carbon
ions, including the effect of excited states, were used in a one-dimensional magnetohydrodynamic code for the
calculation of the ionization balance of carbon ions in aZ-pinch carbon plasma and the gain of CVI Ha ~18.2
nm! line. The significant change in the evolution of the ionization balance was observed. The rapid depletion
of C VII ions by the increased recombination rate reduces the gain significantly by a factor of;3 compared to
the case where the contribution from excited states was neglected. Such calculations can be done for other ions.
The characteristics found for carbon ions are generic and applicable to other ions.
@S1063-651X~99!05008-4#

PACS number~s!: 52.25.Jm, 42.55.Vc, 52.65.Kj
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I. INTRODUCTION

Laboratory high density and temperature plasmas h
practical applications which often demand the better und
standing of the spectroscopic properties of such plasm
Such demands have attracted research on atomic prope
of dense plasma in astrophysics and laboratory plasma
periments@1#. One of the important properties to be unde
stood is the contribution from excited states to the ionizat
balance.

The knowledge of the ionization balance is crucial f
characterizing the spectroscopic properties of plasma
cause it determines the emission and absorption spectru
the plasma. Chemical reactions in plasmas will be also
nificantly affected by the degree of ionization. The ionizati
balance has been calculated, considering atomic proce
only between ground states of ionization stages. The un
lying assumption is that the populations of ground states
far larger than those of excited states. This is no longer
at the high density region where the populations of exci
states can be good fractions of ground-state populations.
present study shows that even at low density region wh
the populations of excited states are small compared to
of a ground state, excited states can still make a n
negligible contribution, especially in the recombination pr
cess.

X-ray laser study is one of the areas of research where
contribution from excited states can be important. At hi
plasma density relevant to x-ray laser experiments, in a
PRE 601063-651X/99/60~2!/2224~7!/$15.00
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tion to direct ground-to-ground ionization and recombinati
processes, indirect multistep processes involving exc
states become significant. The electron-collisional recom
nation pumping scheme using an H-like or Li-like ion for th
development of soft x-ray lasers@2–6# requires a plasma
cooling rate faster than the recombination rate of fu
stripped ions to H-like ions or He-like ions to Li-like ions. I
a Z-pinch plasma for the development of soft x-ray lase
the adiabatic expansion which was shown to play a m
cooling role@7# are greatly affected by the rising and fallin
time of plasma current. Hence, the accurate estimate of
recombination rate becomes important, when one desig
pumping system for an x-ray laser.

Low-temperature and density plasmas have been use
science and industry. The application of such plasmas e
cially in semiconductor processing has been very succes
and their roles become increasingly important. As better
tighter control of such plasmas are being required, resea
efforts have recently been increased toward better un
standing of the characteristics of these plasmas@8,9#. In
this vein, the contribution from excited states to the ioniz
tion balance, which has been considered negligible, is
tainly an area to be understood.

A simulation code for the evaluation of the collisiona
radiative~CR! ionization and recombination rate coefficien
@10# which include the contribution from excited states w
developed~Sec. II!. The screened hydrogenic model@11# for
the structure of energy states was used. By using
screened hydrogenic model, the calculation can be done
the wide range of elements with a reasonable accura
2224 © 1999 The American Physical Society
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PRE 60 2225EFFECT OF EXCITED STATES ON THE IONIZATION . . .
While in this study the calculations were done for carb
ions and the conclusions were drawn with respect to th
the calculation for other ions can be readily done and c
clusions made in this paper are generic and applicable
other ions. The general behavior of the calculated CR
coefficients for carbon ions~Sec. III! and their effect on the
ionization balance~Sec. IV! will be discussed.

II. CALCULATIONAL MODEL

The populations of excited states in theqth ionization
stage are evaluated by the following set of the rate equat
in the collisional-radiative model:

d

dt
Ni

q52Ni
qFNeSi1Ne(

j Þ i
Ci j 1(

j , i
Ai j G1Ne(

j Þ i
Nj

qCji

1(
j . i

Nj
qAji 1N1

q11Ne~Nea i
3b1a i

rr !, ~1!

whereNi
q is the population of thei th state in theqth ioniza-

tion, N1
q11 the population of the ground state in th

(q11)-th ionization stage,Ne the electron density,Si the
electron-collisional ionization rate coefficient of thei th state,
Ci j the electron-collisional excitation~deexcitation! rate co-
efficient from thei th to j th state,Ai j the radiative transition
rate from thei th to j th state, anda i

3b anda i
rr are the three-

body and radiative recombination rate coefficients from
ground state of the (q11)-th ionization stage to thei th state,
respectively.

This time-dependent rate equation is usually coupled w
hydrodynamic equations of a plasma. If the relaxation tim
of excited levels are much shorter than the time scale
hydrodynamic variation for the range of plasma temperat
and density under interest, it is sufficient to express the
cited level populations in steady state as a function of gro
level populations assuming that they reach a steady s
However, since the relaxation times of ground levels are
general, comparatively slow, it is solved time dependen
This is the quasi-steady-state~QSS! approximation.
McWhirter et al. @12# analyzed the QSS approximation
detail and presented the valid range of electron tempera
and density for hydrogenic ions. The validity of the QS
approximation in the plasma investigated in this paper
discussed in detail in Sec. IV. Under this approximatio
dNi

q/dt for the excited states can be put equal to zero exc
for ground state:dNi

q/dt50 for i .1. Then Eq.~1! can be
rewritten in a matrix form as

D•rW 5bW 01Ner1bW 1, ~2!

where

Di j 55
2NeCi j

de if i . j

1NeS Si1(
k, i

Cik
de1(

k. i
Cik

exD 1(
k, i

Aik if i 5 j

2NeCi j
ex2Aji

f j

f i
if i , j ,

~3!
,
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Nea i
3b1a i

rr

f i
, ~4!

bi
15Ci1

de . ~5!

r i is the population of thei th state normalized to that in th
Saha equilibrium:

r i5
Ni

q

Ni
E , ~6!

Ni
E5NeNi

q11f i , ~7!

f i51.64310222
gi

gq11 Te
23/2exp~Ei /Te!, ~8!

wheregi is the statistical weight,Ei the ionization energy in
eV, andTe the election temperature in eV. The matrix inve
sion of Eq.~2! gives the populations of the excited states
terms of the population of the ground state

rW 5rW01NerW
1r1 . ~9!

The insertion of Eq.~9! into Eq. ~1! for the ground state (i
51) defines the CR ionization and recombination rate co
ficients, respectively, as

d

dt
N1

q52NeN1
qFS11(

j .1
S C1 j

ex2r j
1 f j

f 1
~NeCj 1

de1Aj 1! D G
1NeN1

q11FNea1
3b1a1

rr 1(
j .1

f j r j
0~NeCj 1

de1Aj 1!G
[2NeN1

qSCR1NeN1
q1aCR. ~10!

With these CR ionization (SCR) and recombination (aCR)
rate coefficients for the ground states which take into acco
contributions from excited states, the ground state popula
densities are readily calculated along with evolution
plasma hydrodynamics. SinceS i .1Ni

q,N1
q11 is satisfied un-

der the QSS approximation@12#, the sum of all the ground
state population densities can be approximated to the t
ion density. Thus the ground state populations can eff
tively represent the ionization balance.

For the calculation of the CR rate coefficients, the stru
ture of the energy states is required, which is often comp
for multielectron ions. However, since the CR rate coe
cients are total quantities produced by multistep proces
between internal states, they are not so sensitive to the
tailed ionic structure of the energy states. As an approxim
tion, the screened hydrogenic model@13# has been already
used in the calculation of the ionization balance of comp
atom such as selenium@11#. The results were shown to be i
good agreement with the calculations where the deta
structure of energy states were used. In this paper
screened hydrogenic model is used to describe the en
states.

In this model, the energy of a state is described by
principal quantum numbern with an effective chargeQn
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Qn5Z2F (
m,n

snmPm1
1

2
snn~Pn21!G , ~11!

whereZ is the nucleus charge,snm, the screening factor@13#
which describes the screening of charge seen by electron
then shell by an electron in them shell, andPn, the number
of electrons in then shell for a given electron configuration
When only a single excitation is considered, the ionizat
energy can be written as

En513.6
Qn

2

n2 S 12
snn

Qn
~Pn21! D @eV#. ~12!

The first term is an attractive potential due to the net io
charge and the second term is repulsive potential due to
electron in the same shell.

III. CHARACTERISTICS OF THE
COLLISIONAL-RADIATIVE

RATE COEFFICIENTS

The CR rate coefficients calculated for the ground sta
of carbon ions including excited states up ton520 are plot-
ted in Fig. 1. Even when the excited states up ton5100 were
included, the results were the same within the range of 0.
In our calculation, excited states up ton520 were used to
minimize the computational time. In the region of a lo
electron density, both the CR ionization and recombinat
rate coefficients become independent of the electron den
However, note that the CR ionization rate coefficients
proach those without the contribution from excited states
the CR recombination rate coefficient does not, indicat
that there is still a significant contribution from the excit
states even at low electron density. As an electron den
increases,SCR also increases but becomes saturated w
aCR increases linearly withNe . The change of the CR rat
coefficients due to the contribution from excited states
larger for a lower electron temperature.

This behavior of the CR rate coefficients is better und
stood by examining them analytically in limiting cases.
the limit of Ne˜0, electron-collisional processes becom
slow and the populations of the excited states are determ
by the balance between collisional excitation processes f
a ground state and radiative decay processes. Hence the
equations for excited states (i .1) @i.e., Eq.~2!# become

NiAi11 (
j 52

j 5 i 21

NiAi j 2 (
j 5 i 11

NjAji

5NeN
1a i

rr 1NeN1C1i ~ i .1!. ~13!

The summation of Eq.~13! over i ( i .1) leads to

(
i .1

NiAi15NeN
1(

i .1
a i

rr 1NeN1(
i .1

C1i , ~14!

which is then inserted into Eq.~1! for the ground state (i
51), resulting in

d

dt
N152NeN1S11NeN

1(
i 51

a i
rr . ~15!
in
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This implies that the electron-collisional excitations from th
ground state to the excited states make negligible contrib
tions to the effective ionization process in the region of a low
electron density. But in the case of recombination, the e
cited states still make contributions via the radiative recom
bination followed by radiative cascades. The effective re
combination rate coefficient then becomes the sum
individual radiative recombination rate coefficients. The
other limit whereNe˜` can be analyzed using LTE~local
thermodynamic equilibrium! model. In this model, the solu-
tions of Eq.~2! are simplyr i51(i .1). Equation~1! for i
51 can be then written as

FIG. 1. CR ionization rate coefficients (SCR, thick lines! and
recombination rate coefficients (aCR, thin lines! for carbon ions
plotted as a function of electron density (Ne) at Te510 ~s!, 46.4
~h!, and 1000 eV~d! for ~a! C II, ~b! C IV, and atTe546.4 ~s!,
215.4~h!, and 1000 eV~d! for ~c! C VI. The CR rate coefficients
without the contribution from excited states~dashed lines! are also
plotted for comparison.
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d

dt
N152NeN1FS11(

i .1
C1i

exG
1NeN

1FNeS a1
3b1(

i .1
f iCi1

deD G . ~16!

This shows that the CR ionization rate coefficient is given
the sum of the direct ground-to-ground collisional ionizati
and the collisional excitation rate coefficients from t
ground state. The latter will be quickly saturated because
collisional excitation rate coefficient is exponentially d
creasing as the energy differences between states be
larger. However, note that the CR recombination rate coe
cient, consisting of the three-body recombination rate co
ficient and the sum of the collisional deexcitation rate co
ficients multiplied byf i , increases linearly withNe .

The enhancement of the ionization and recombination
coefficients of the ground states, i.e., the ratios of the CR
coefficients to direct ground-to-ground rate coefficients
shown in Fig. 2 for various ionization stages at a given te
perature ofTe546.4 eV. The ratios are saturated at diffe
ent Ne’s for different ionization stages. This saturation c
be attributed to the dominance of collisional processes o
radiative processes beyond a certain electron density~satura-
tion density!. For the CR ionization rate coefficientSCR,

FIG. 2. Ratios of the CR rate coefficients to those without
contribution from excited states are plotted as a function ofNe at
Te546.4 eV for~a! ionization and~b! recombination.
y
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te
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when an electron density is high so thatNeCj 1
de@Aj 1 , from

Eqs. ~2!, ~3!, and ~9!, one can show thatr j
1}1/Ne . This

implies that the terms representing the contribution from
cited states become independent ofNe but dependent upon
Te only. The saturation pointNe

sat can be estimated by put
ting Ne

satC21
de.A21, so

Ne
sat.

A21

C21
de51013

Te
3.5u3

euc2~u!
cm23, ~17!

whereu5DE21/Te andc2 is a function defined in Ref.@14#.
For Te546.4 eV, Eq.~17! for Ne

sat is plotted as a function of
u in Fig. 3.Ne

sat for different ionization stages obtained from
the simulation results are also marked, showing a go
agreement with the estimation by Eq.~17!. Ne

sat was chosen
from the simulation data as the density where the ratio
comes 90% of its saturated value. A similar argument ho
true for the CR recombination rate coefficients. In this ca
the saturation occurs in the electron density region wh
both the three body recombination and collisional deexc
tion processes are larger than the corresponding radiativ
combination and spontaneous emission processes, res
tively. This condition requires higher density in general.

Another interesting feature inNe dependence is the nega
tive slope of aCR/a1 for lower ionization stages nearNe
51017cm23, as manifested in Fig. 2~b!. To understand this
behavior better, a simple two-level ion is analyzed. One
derive the following relation foraCR/a1 :

aCR

a1
215FNea2

3b1a2
rr

Nea1
3b1a1

rr GF NeC21
de1A21

Ne~S21C21
de!1A21

G
[P~Ne ,Te!Q~Ne ,Te!, ~18!

where we note thatP(Ne ,Te) includes the recombination
process only. Then

d

dNe
S aCR

a1
21D5

dP

dNe
Q1P

dQ

dNe
, ~19!

where

e

FIG. 3. Saturation electron densityNe
sat @Eq. ~17!# at which the

CR rate coefficients begin to be saturated plotted as a functio
u5E21/Te . The saturation densities for different ionization stag
obtained from simulations are also shown.
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dP

dNe
5

a1
3ba1

rr

@Nea1
3b1a1

rr #2 Fa2
3b

a1
3b2

a2
rr

a1
rr G.0 ~20!

and

dQ

dNe
52

S2A21

@Ne~S21C21
de!1A21#

2,0. ~21!

dP/dNe is always positive becausea2
3b.a1

3b and a2
rr

,a1
rr . Hence the first and second terms in Eq.~19! have

different signs. This represents the competition between
recombination to and the collisional ionization from excit
states. The electron density and the ratio of temperatur
ionization energy in a specific situation determines the s
of Eq. ~19!. In the case for CII , CIII , and CIV in Fig. 2~b!,
where the electron temperature is in proximity of ionizati
energies, as the density gets smaller, the recombination
decreases but the density is still high enough for signific
collisional excitation and ionization from excited states
occur so that the recombination is effectively hindered. O
erwise the recombination rate coefficient could have b
higher. As the density gets decreased further, the collisio
processes become much weaker and the recombination
even increases slightly. However, in the case for higher i
ization stage such as CV and CVI, where an electron tem
perature of 46.4 eV is much smaller than their ionizati
energies, the recombination process compared to collisi
process becomes far more dominant than in the case of
ionization stages so thataCR/a does not have a dip bu
monotonically decreases.

The enhancements of both ionization and recombina
rate coefficients of the ground states due to the contribu
from excited states become equal to each other when the
rate coefficients are saturated at high density: for exam
for C III SCR/S15aCR/a153.5 at Ne51020cm23 and Te
546.4 eV. This can be seen from Eq.~16! through the de-
tailed balancing

f 1S15a1
3b ,

f 1C1i
ex5 f iCi1

de . ~22!

For the CV and CVI ions, there is still a discrepancy betwee
SCR/S1 and aCR/a1 , as also shown in Fig. 4, because t
saturation density is aroundNe51024cm23 for a given tem-
perature of 46.4 eV. Figure 4 is the variation ofSCR/S1 and
aCR/a1 for CVI at Ne51022cm23 with respect to tempera
ture, showing the strong dependence of the enhanceme
temperature especially in the region of a low temperatu
The change of temperature by one order of magnitude f
100 to 10 eV results in the change of 4 orders of magnit
of the CR rate coefficients. The temperature behavior
aCR/a1

3b can be approximately described as

aCR

a1
3b .(

i
14.57f i1

E1
2

~E12Ei !

exp~Ei /Te!

Te
, ~23!

whereEi is the ionization energy of thei th state. The least
square fitting ofSCR/S1 to
e

to
n

lso
t

-
n
al
ow
-

al
w

n
n
R

e,

on
e.
m
e
f

A
exp~B/Te!

Te
C . ~24!

in the low temperature region ofTe<100 eV yields B
>40.5 eV andC>2.3. This implies that the contribution
from excited states must be considered in the calculation
the evolution of ionization balance of the low-temperatu
and high density plasma.

IV. APPLICATION TO GAIN DYNAMICS OF C VI Ha

IN A RECOMBINING CARBON PLASMA

In the research of x-ray laser using the electron-collisio
recombination pumping scheme, one has to treat the ev
tion of ionization balance in a recombining high-densi
low-temperature plasma. To obtain a significant populat
inversion using the recombination scheme, the cooling p
cess which follows the production of a high-temperature a
high-density plasma should be faster than the recombina
process. Hence the knowledge of how the ionization bala
evolves in a high-density plasma in a cooling phase beco
important.

The CR rate coefficients, discussed in the previous s
tion, have been applied to study the effect of the contribut
from excited states on the ionization balance of a gas-p
Z-pinch carbon plasma and on the gain dynamics. In the c
of a carbon plasma, the recombination pumping to H-l
CVI n53 state from fully stripped CVII ions leads to a las-
ing action at 18.2 nm with respect to then52 state.

In a gas-puffZ-pinch plasma, the adiabatic expansion c
be considered as a main cooling process which leads
supercooled plasma@7#. Since the cooling rate is related t
the rise time of a plasma current, to know the increase
recombination rate due to the effect by excited states is
portant for the design of an experimental device.

To observe the effect of excited states on the gain dyn
ics through the CR rate coefficients, a series of simulati
was performed on aZ-pinched carbon plasma using one d
mensional MHD ~magnetohydrodynamic! code equipped
with atomic kinetics. Since the detailed description on t
code has been already given in Ref.@7#, only a brief expla-

FIG. 4. Ratios of the CR rate coefficients to those without
contribution from excited states are plotted as a function ofTe at
Ne51022 cm23 for ionization and recombination for the CVI ion.
The least-squares fitting of Eq.~24! is also shown.
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nation will be given here. The one-dimensional MHD co
solves a single-fluid, two-temperature MHD equation alo
with an ionization-balance equation, in which the CR ra
coefficients or the direct ground-to-ground rate coefficie
can be used for the evolution of the ground state populatio
The MHD equation includes Joule heating, shock heat
Bremsstrahlung radiation loss, heat conduction, magn
field diffusion, and shock pressure. The atomic kinetic co
evaluates Eq.~1! in a QSS approximation to obtain the e

FIG. 5. Temporal changes of carbon ion species calculated f
the ionization balance equation:~a! only direct ground-to-ground
rate coefficients are used and~b! the CR rate coefficients are use
Te andNe are shown in an inset.~c! The gains of CVI Ha ~18.2 nm!
line are compared without the contribution from excited sta
~solid line! and with it ~dashed line!.
g
e
s
s.
,
ic
e

cited state populations as a post processor to the MHD c
The radiative reabsorption is also included. Figure 5 sh
the temporal changes of the ground state populations ofV,
CVI, and CVII ions. Figure 5~a! is the case where the direc
ground-to-ground rates~no contribution from excited states!
are used and Fig. 5~b! the case where the CR rates are us
The correspondingTe and Ne are shown in an inset. This
was obtained for aZ-pinch carbon plasma of the initial den
sity of 2.531018cm23 with the quarter period of a driving
current pulse being 100 ns and a peak plasma current
kA. The initial plasma radius was set to be 2 mm. The eff
on the evolution of the ionization balance is manifested
the fact that CVII ions depletes much faster~;5 ns! than in
the case of only the direct ground-to-ground processes b
included~;20 ns!. This is a significant change in the poin
of the pumping time scale requirement. The time scale
temperature change is about;5 ns, which is comparable
with the recombination time of;1 ns @Fig. 1~c!#. But the
rapid depletion of CVII ions implies the reduction in the
pumping source for the upper lasing state (n53) at an ad-
equate condition for the gain. The gain is thus much redu
~by factor of 3! and exists for a shorter duration@Fig. 5~c!#.

The role of the increased recombination rate of CVI to
CV ion should be also noticed. When only the CR ra

m

s

FIG. 6. ~a! Relaxation times of the ground and excited states
the CVI ion and~b! the populations of the ground states of CVII ,
C VI ion, and the sum of the excited level populations. The total
density is also plotted for comparison.
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between CVII and CVI ion are included, no gain was ob
served. In this case, the slow depletion of CVI ions results in
populating the low lasing state (n52) through the electron
collisional excitation and reabsorption process. Thus the
crease of the recombination rate from CVI to CV ion has
positive effect on the gain dynamics through effectively lo
ering the population of then52 state. This demonstrates th
importance of the consistent inclusion of the contributi
from excited states in the ionization and recombination r
coefficients for all ionization stages.

Up to now, the QSS approximation has been used. For
QSS to be valid, the following two conditions@12# are to be
met. One is the relaxation time requirement which has
ready been discussed in Sec. II. The relaxation times of
ground state and the excited levels for CVI ion, which are
most relevant to the recombination process under inter
are shown for the plasma discussed in this section in
6~a!. The relaxation time of the ground state is seen to
longer than those of the excited states by two orders of m
nitude. Hence the relaxation time requirement is well sa
fied. The other condition, expressed by the inequality

(
i .1

Ni
q,N1

q11. ~25!

is also checked by comparing the population density of CVII

ion and the sum of the excited level populations of the CVI

ion @Fig. 6~b!#. The summation is done over up to princip
quantum number,n510 taking into account continuum low
ering @13#. This also shows that the plasma under interes
well in the region of the QSS approximation. Since the s
of all the ground state populations is approximated to
total ion density from Eq.~25!, this introduce an error of les
than 10% in the ground state population of an ion stage w
respect to its total ion density in the evaluation of ionizati
balance but it does not change our conclusion and the
characteristics.
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V. CONCLUSIONS

The effect of excited states on the CR ionization and
combination rate coefficients has been studied, especially
carbon ions in view of their importance of x-ray laser dev
opment at 18.2 nm. The collisional-radiative ionization a
recombination rate coefficients for the ground states of c
bon ions were calculated using the screened hydrog
atomic model and characterized. The calculations can
done for other ions. The characteristics for carbon ions
generic and applicable to other ions.

The results reveal that the contribution from excited sta
begins to play an important role from the electron density
low as Ne.1015cm23 and becomes saturated atNe
.1020cm23. In the case of recombination, due to the rad
tive process from the higher ionization stage to exci
states, the CR recombination rate coefficient is higher t
the direct ground-to-ground recombination rate coeffici
even at low electron densities~as low as 1010cm23), where
the contribution from excited states has been considere
be negligible. The contribution enhances the rate coefficie
by several orders of magnitude at a high electron density
specially at a low electron temperature.

Some of these characteristics were understood ana
cally in the asymptotic cases ofNe˜0 andNe˜`. These
analytic formulas can be directly applied to a plasma in
rona regime and LTE regime.

The effect on the gain of CVI Ha ~18.2 nm! line during
the course of the evolution of aZ-pinch carbon plasma wa
investigated. This study reveals the increased recombina
rate in the cooling phase significantly shorten the lifetime
CVII ions, making the gain both short lived and smaller.
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