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1. Background
• Stopping power (                 ) for ions in plasmas is important to 

fusion study.

• The plasmas were usually in partially ionized states in relevant
experiments, where the bound e- may be in excited states  
which is different from solid. In some relevant experiment, such
as for D+ in Al plasmas and H+ in Be plasmas, enhanced 
stopping power was observed compared with the cold targets.

• Inelastic, plasma wave and nuclear stopping are three major 
mechanisms of stopping power in plasmas.

• Bethe equation                                is often used to estimate the 
inelastic stopping at high projectile energy, where    is excitation 
energy and Mehlhorn gave its results for Al and Au in different 
charge states in his model (J. Appl. Phys. 52, 652). Zimermann
gave an expression to calculate it in LLNL UCRL-JC-105616.



First experiment of stopping power for ions in plasmas



P+Be:   1.77g/cc   Be  at room temperature and plasmas with Te=32eV .  

Projectile energy Ep=15MeV



Higher energy loss is observed  at
plasmas than cool Be at solid density



1. Background
• Stopping power (                 ) for ions in plasmas is important to 

fusion study.

• The plasmas were usually in partially ionized states in relevant
experiments, where the bound e- may be in excited states  
which is different from solid. In some relevant experiment, such
as for D+ in Al plasmas and H+ in Be plasmas, enhanced 
stopping power was observed compared with the cold targets.

• Inelastic, plasma wave and nuclear stopping are three major 
mechanisms of stopping power in plasmas.

• Bethe equation                                is often used to estimate the 
inelastic stopping at high projectile energy, where    is excitation 
energy and Mehlhorn gave its results for Al and Au in different 
charge states in his model (J. Appl. Phys. 52, 652). Zimermann
gave an expression to calculate it in LLNL UCRL-JC-105616.



1. Background
• More than 40 years McGuire did a series of work to study 

inelastic stopping in plasmas by plane wave Born approximation, 
where the target electron was assumed in ground state.

• Basing on average atom model, Wang discussed this problem by 
local density approximation (LDA)(where free electron gas model 
is used to describe the contribution of both bound and free 
electron and it is often used in the research of solids) (Phys. 
Plasmas 5, 2977 (1998)).

• One motivation for this work is to get more reliable results of 
stopping power in plasmas in ab initio way , where all the inelastic 
with their reverse processes are included. Our results will be 
compared with other models and experiment. New experiments 
are suggested to further test our model and others.



Fermi-Dirac statistics:

Inelastic stopping is obtained 
by dielectric function and charge density distribution



1. Background
• From the 70s McGuire did a series of work to study inelastic 

stopping in plasmas by plane wave Born approximation, 
where the target electron was assumed in ground state.

• Basing on average atom model, Wang discussed this 
problem by local density approximation (where free electron 
model is used to describe the contribution of both bound 
and free electron and it is often used in the research of 
solids) (Phys. Plasmas 5, 2977 (1998)).

• One motivation for this work is to get more reliable results of 
stopping power in plasmas in ab initio way , where all the 
inelastic and their reverse processes are included. Our 
results will be compared with other models and experiment. 
New experiments are suggested to further test our model 
and others.



2. Average atom (AA) model—basic ideas
• The model is often used to describe the atoms in plasmas and it was 

suggested more than 40 years ago (Rozsnayai Balazs F. 1972 Phys. 
Rev. A. 5 1137 )

• In the model all the ions in the plasmas are represented by the 
average atom with the average charge state and an average 
occupation number for each energy level including the bound and 
free state, where Fermi-Dirac statistics is used.

• The atom is enclosed in an ion sphere with its radius R determined 
by the matter density  and the electrical neutrality must be satisfied 
within the sphere;

• Electron density 

• Electron wave functions, energy levels, electron potential, chemical 
potential, and so on are obtained by iteratively solving Dirac equation 
and  Poisson equation.



2. Average atom  model results
-- Bound states for Al at 0.02g/cm3 and Te=13eV

States    -Energy (eV)    N(Al ion)  N(Al atom)  ( N: population number)
1s         1544.8               2.0             2.0
2s         141.9                1.99            2.0
2p1/2 104.7                 1.85           2.0
2p3/2 104.3                 3.70           4.0
3s         24.68                0.052          2.0
3p1/2 17.42                 0.03           1.0
3p3/2 17.40                 0.06            0.0
3d3/2 8.41                  0.03            0.0
3d5/2 8.409                 0.046
4s         6.36                  0.013  
4p1/2 4.193                 0.011
4p3/2 4.191                 0.022
4d3/2 1.6397                0.018
4d5/2 1.6395               0.027
4f5/2 0.79696             0.025
4f5/2 0.79690             0.034
5s         1.49                 0.009
5p1/2 0.783               0.0085
5p3/2 0.782               0.017

19 total bound states;

Some electrons populated 
in excited states; generally 
speaking, the population 
number in the excited state 
decrease with the increasing of 
its energy  level.

Average ionization degree, 3.06,
lies in the experimental range

(PRL45 549 (1982)).
For other Te our results also 
agree with the experiment.



2. Average atom  model results
-Electron distribution in ionic sphere of Al plasmas at 0.02g/cm3
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Bound electrons distribute around the nucleus and free electrons
distribute near the boundary of the ionic sphere.



2. Average atom  model results
-Be in solid and plasmas of Te=32eV at 1.77g/cm3

All electron spatial distribution

Different from Al plasmas there is only one bound state in Be at solid density, 
which is the ground state.

Average ionization degree 
<Z>=2.33 while the 
experiment gives 2.46±0.15. 
All the bound electrons are in 
1s state and no higher bound 
state is permitted. Same 
result is found for solid Be at 
room Te with 1s is fully 
occupied. So in the  two case 
excitation is forbidden.



3. Inelastic stopping --Our calculation method
Relativistic plane wave Born approximation is used to get inelastic 

stopping with excitation, ionization and their reverse processes included
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Correction to the projectile charge state:

Contribution from the reverse processes is obtained by exchange of the initial 
and final states, which are denoted with      and      in the above equations. 
In our results the occupation number is considered both for cross section and stopping.

i f



For other charged Al ion similar results are obtained.
Comparison indicates that our method RPWBA is valid 
at least for EP>100keV/u.

3. Our calculation method --- Validity test

TDSE: solving the time-dependent Schrödinger equation 

P + Al2+
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3a. Inelastic stopping for deuterons in Al plasmas
at 0.02g/cm3 and Te=13eV----excitation + de-excitation

Contribution from excitation (black line), de-excitation (red line) and their total 
results (green line) in plasmas. We can see the de-excitation must be included to 
get the final results. Blue line is for  the isolated Al3+ ion. Our result for Al3+ (blue 
line) is higher than McGuire’s due to fewer final states included in McGuire’s 
calculation. Difference  between green and blue line may arise from the different 
occupation number and energy level between the two model.
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3b. Inelastic stopping for deuterons in Al plasmas
at 0.02g/cm3 and Te=13eV----ionization and its reverse process

Total results from ionization and its reverse process in plasmas and 
comparison with the isolated Al3+ ion. The total result in plasmas is 
close to that for isolated Al3+ ion when Ep>200keV/u.
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 Local density approximation
 Bethe equation  <I> =230.75eV
 Our results for Al3+

 Our results for Al plasmas
 McGuire' results for Al3+

3c. Inelastic stopping for deuterons in Al plasmas
at 0.02g/cm3 and Te=13eV----total inelastic stopping

Comparison of total inelastic stopping for different models. We think that 
Bethe equation overestimates  the result. Local density approximation
gives different result from our model due to different physical picture.
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3c. Inelastic stopping for deuterons in Al plasmas
at 0.02g/cm3 and Te=4.5eV---- total inelastic stopping

Comparison of total inelastic stopping for different models. With Te
decreasing, the result from Bethe equation is close to ours. 



3. Inelastic stopping for proton in Be materials
at gas and solid state--- inelastic stopping

All the possible transitions for the bound states are considered. For 
free electrons their maximum energy is 500 a.u. maximum angular 
momentum is 50,  and the energy interval is below 0.2a.u. or even 
smaller. So far no such calculation of inelastic process for solid Be 
has been made. 
Reliable results in ab initio way are obtained for high enough Ep at 
both gas and solid state.



3d. Summary for inelastic stopping
Based on average atom model and PWB approximation, the inelastic
stopping for D+ in Al plasmas at density 0.02g/cm3 and Te around 10eV 
is studied in detail with both excitation, ionization and their reverse 
processes included. Comparison with other models is made and their 
difference is explained. In addition, we find that

1. Bethe equation usually overestimates  the result at least 10% and its
result is close to our model with Te decreasing;

2. With Ep decreasing, the neutralization from the inelastic and its reverse 
process strongly weakens the inelastic stopping;

3. With Ep decreasing the inelastic stopping  from the electrons at n=2  in 
plasmas becomes dominant, which is close to that from  Al3+. This can 
explain that in this case why the model where all bound electrons in 
ground state gave the results consistent with the experiment.



4. Plasma wave stopping ---some different models

PRA16, 727 (Skupsky),
J. Physique V46, 1113
(Marnard & Deutsch)

PRA43, 1998 (Peter 
& Meyer-ter-Vehn)

J.Appl.Phys.52, 6522
(Mehlhorn)

Phys. Plasmas 5, 2977
(Wang et al ) 
AA model charge density distribution

Fermi-Dirac velocity distribution f(v) 
Is used in all the models

Electron plasma wave is excited as the projectile moves in the 
plasmas, which  leads to the energy loss of the projectile.
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4. Plasma wave stopping --- our model 

The free electron velocity distribution f(v) should be 
different from Fermi-Dirac’s due to the electric field in the plasmas. 



Free electron number with low velocity is decreased and 
the number with high velocity is increased due to the 
acceleration of electric field in the ionic sphere.

4. Plasma wave stopping
--- free electron velocity distribution



4. Plasma wave stopping --- comparison of different models

Our result (black line) is lower than others at low Ep due to the flatter 
velocity distribution. Local density approximation (LDA) model is very 
close to the result with average e- density considered because most 
free electrons are close to the boundary of ionic sphere.



4. Plasma wave stopping --- comparison of different models
Proton moving in Be plasmas

1) Three models (Ours, LDA and Zimermann) are very close at Ep>4MeV.
2) Difference between ours and LDA at low Ep mainly comes from 

plasma wave stopping at different velocity distribution.
Our result (red line with empty circles)



4. Summary for plasma wave stopping

Velocity distribution for free e- in plasmas, which 
is flatter than Fermi-Dirac’s, is found with 
electron number at low velocity decreased and 
that with high velocity increased due to the 
acceleration of electric field in the ionic sphere.

The plasma wave stopping from our model is 
lower than others for low Ep under the flatter 
velocity distribution.

At high enough Ep the results from different 
models are close to each other.



5. Stopping for deuterons in Al plasmas at different  Te
----comparison of different models with experiment data

Our model is totally in best agreement with the experimental data in PRL45 549 
(1982), which reason  is that our results for the inelastic processes should be 
the most reliable.       (Phys. Plasmas 21, 063711 (2014))

Contribution to stopping power  from other mechanism is included



5. Stopping power for proton in Be plasmas with 
Te=32eV and 1.77g/cc

----energy loss and comparison with experiment 

Three models agree well with the experiment 
(PRL114, 215002 (2015)).

Phys. Plasmas 24, 033110 (2017)



5. Stopping power for proton moving in Be plasmas 
with Te=32eV and 1.77g/cc

---Prediction of energy loss from our model and LDA 

This prediction of energy loss at lower Ep is quite different for our 
model and LDA model. We hope it will be tested by future experiment 
since it is related with the view that  whether the velocity distribution in 
dense plasmas is far from the Fermi-Dirac’s, which determines the 
basic property of plasmas.



6. Summary
1. Based on average atom model and PWB approximation, 

the inelastic stopping for D+ in Al plasmas at density 
0.02g/cm3 and Te around 10eV is studied in detail with 
both excitation, ionization and their reverse processes 
included in ab initio way. Comparison with other models 
is made and their difference is explained. Our model is 
found in better agreement with the experiment than Bethe
equation and Mehlhorn’s model. 

2. Similar calculation for proton in solid Be is made and our 
result is found in good agreement with the experiment at 
both cool matter and plasmas .

3. Prediction is given  to test  by future experiment whether 
the velocity distribution in dense plasmas  is far from the 
Fermi-Dirac’s, which is relevant to the basic property of 
plasmas.



Thank you for all your attention !


