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Abstract :   
In this work we calculate the radiation power losses as a function of temperature (T) and 

as a function of density (ne). The radiation losses strongly influence the fusion power density 

and attainability of ignition. Radiation power loss include recombination radiation (PR), 

bremsstrahlung radiation (PB), line radiation (PL), and cyclotron radiation (PC) for plasma in 

toroidal fusion reactors. We do these calculation because the radiation power losses decrease the 

net power we get from fusion reactors and losing the plasma particles so we must determine 

these losses to understanding how can we reduced these losses to increase the net fusion reactors 

power through  confining the plasma particles as long as possible   .  
 

 :الخلاصت
،  لخخييئة  (ne)للكثئفييك وا  لييك  (T) لإشييعئة ك ا  لييك ل  لييك  ل يي      لعميين ومييحس ب خييئر اخييئة   لميي    فييه ايي    

 لإشعئة ك تؤث  بمح  ةلى اثئفك  لم    من  لاو مئج وةليى ممكئو يك ت م يلا  لاتميئسا اخيئة   لمي     لإشيعئة ك تعيإ مشيعئ  مةيئس  

، فععي اععع الان كانعع ا   (PC)ؤروني ، وكلإشععع ا كبيعع  ح (PL)، كلإشععع ا ا عع  (PB)، إشععع ا كبحععال بكبؤاعع     (PR) لالت ييئس 
كبح ق ة. نقوم احي ا ن هذه كب ي ئر كلإشع ا ة بحونهع  ؤق عم اعا يع في كبقع رس كبايؤحيع ة اعا اعع الان كانع ا   وؤع    كبع  
 فق كا جي ا ن كبالازا  بذبك وجب ؤح    هذه كب ي ئر بحي نعهم ح ف  احا ؤق   ه  بز   س ي في كبق رس اا اع الان كانع ا  

 اا  لام كحؤوكء جي ا ن كبالازا  لأ وم فؤرس ااحنة.
 

Introduction: 

 
 Tokamak is a toroidal plasma confinement system the plasma being confined by a magnetic 

field: The principal magnetic field in a tokamak is the toroidal field however this field alone does 

not allow confinement of the plasma in order to have an equilibrium in which the plasma pressure is 

balanced by magnetic forces its necessary also to have poloidal magnetic field. In tokamak this field 

is produced mainly by currents in the plasma itself. A tokamak reactor would be considerably more 

complex than a non-thermonuclear reactor, the toroidal field coil are envisaged to be 

superconducting in order to avoid the vary large energy loss from ohmic heating in normal 

conductors Fig. 1. The blanket surrounding the plasma has two role: firstly it absorbs the 14MeV 

neutrons transforming their energy into heat which is then carried away by suitable coolant, 

secondly the blanket allows the breeding of tritium needed to fuel the reactor. 

 A plasma is an ionized gas composed of ions and electrons. These two components are 

strongly coupled because any substantial separation of charges within the plasma leads to a very 

large restoring force. Such separation can therefore only occur over short lengths. Small charge 

separations do arise as results of thermal fluctuations. In fusion reactor the ion orbits typically have 

a radius of a few millimeters and the electron orbits are smaller by the square root of the mass ratio. 

Although the precise behavior of the plasma is determined by the motion of the individual particles 

in the local electromagnetic field the constraints on the particle motions described above give the 

plasma fluid-like properties on lengths larger than the Larmor radii. Much of our understanding of 

fusion reactor is based on such fluid models of the plasma. The particle concentration in to fusion 
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reactor is typically ~10
20 

m
-3

 which is about 10
-5

 of the particle concentration in the atmosphere. 

fusion reactor typically reach temperatures of several keV which corresponds to tens of millions of 

degrees Kelvin.  

This is of order 10
5
 times atmospheric temperatures and consequently the pressure in fusion 

reactor plasmas is comparable to that of the atmosphere. The outward force of the plasma pressure 

is balanced by the magnetic field. However the plasma energy density in a fusion reactor is small 

compare to that of magnetic field, typically ~1%. The basic magnetic field is the toroidal field 

produced by coil outside the plasma. The poloidal field produced by the toroidal current is typically 

ten times smaller. Many processes in the plasma are determined by particle collisions. Collisions 

between ions and electrons give rise to an electrical resistance which leads to ohmic heating of the 

plasma. Collisions also produce transport of particles and energy leading to losses of both from the 

plasma. The shape and intensity of a continuous radiation spectrum from a plasma is determined by 

the interplay of the following processes: [bremsstrahlung produced by the interaction of an electron 

with ions, bremsstrahlung produced as a result of electron – electron interaction, recombination 

radiation produced by radiative capture of an electron by an atom, line radiation produced by 

collisional excitation of an orbital electron in a partially ionized impurity atom by a plasma electron 

causes the plasma electron to lose an amount of energy (∆E) equal to the difference in energy levels 

of the ground and excited states]. 

The reaction rate for each of these processes is a function of the temperature and density 

however the relative role of each of the processes can vary for different spectral regions and for 

different electron temperatures. The variation of the coefficients and the complicated nature of the 

dependence of the radiation intensity on electron temperature means that under certain conditions 

the intensity of the radiation in some spectral range can be a rather weak function of the temperature 

on other hand the absolute intensity of that portion of the spectrum can with a high degree of 

accuracy be used to determine the density provided even relatively limited information is available 

on the temperature.  

A pure hydrogen plasma emits electromagnetic radiation. Microscopically this is due to the 

acceleration of the charged particles. Because of their lighter mass the electrons undergo larger 

acceleration than the ions. Consequently they radiate much more strongly and only the electrons 

need be considered. The electrons are accelerated in two ways: firstly they are accelerated by 

collisions the resulting radiation being called "Bremsstrahlung" (PB). Secondly they are subject to 

the acceleration of their cyclotron motion and the associated radiation is called "cyclotron" radiation 

(PC). There are also further losses due to the atomic processes of line radiation (PL) and 

recombination radiation (PR), and in this work we will calculate these losses The results arranged in 

tables (1,2,3,4,5,6).     

 

Theory: 
 

 Radiation processes: the fusion power density is primarily a function of ion temperature 

(Ti) is strongly coupled to (Te) by coulomb collisions and (Te) is limited by radiative power losses. 

Therefore radiation losses strongly influence the fusion power density and attainability of ignition. 

Radiation power loss processes include radiative recombination (PR), bremsstrahlung radiation 

(PB), line radiation (PL), and cyclotron radiation (PC). The total radiation power losses per unit 

volume is [1,2]: 

)1...(..........)/( 3

CCBLRrad PkPPPmWP   

 

(kC) is the fraction of cyclotron radiation which is absorbed in the walls and not reabsorbed in the 

plasma. Reabsorbed of the other types of radiation is negligible. 

Radiative recombination involving capture of a free electron by an ion with the binding energy 

subsequently released by emission of radiation as the resultant atom or ion de-excites to its ground 
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state. Whenever a charged particle is accelerated it will emit some radiation. For a given force 

electrons will have large accelerations because of their light mass and ions will have small 

accelerations. Therefore radiation by acceleration of ions is generally negligible. 

Electrons are accelerated by electric and magnetic fields. The ( Bvq


 ) force produces Larmor 

rotation around the magnetic field lines and consequent emission of cyclotron radiation (PC). The 

coulomb force ( Eq


) from ions and other electrons during coulomb collisions produces deflections 

and consequent emission of bremsstrahlung radiation (braking radiation) (PB). 
 

 Approach to coronal equilibrium: Let (nkj) represent the concentration of atoms or ions of 

species k and ionization state j. Let (Ikj) represent the rate coefficient for ionization of  (nkj )and 

(Rkj) be the rate coefficient for recombination of (nkj) with an electron. The rate of change of (nkj) is 

given by [2]: 

  )2........()(1,1,1,1, kjkjkjjkjkjkjke

kj
IRnInRnn

dt

dn
   

 

The recombination coefficients are functions only of (Te). For temperatures of a few (keV) or less 

electron impact ionization is dominant (fig. 1) and the ionization rates also are functions only of 

(Te). We will write particle balance equations to compute the population of each ionization state 

from which the radiative power losses can be calculated. Consider the case of atoms of a single 

impurity species incident on a plasma with constant (Te). Assuming that the atoms are initially 

neutral the initial conditions are (nkj =0) for all except (j=0). For example the equations for helium 

are: 

 

)3.(....................0)0(),(:
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e

 

(there may also be a source of (n22) from fusion reactions.) this set of coupled ordinary differential 

equations may be solved by use of Laplace transformations or by integration on a digital computer. 

If we assume ne= constant and divide by (ne) then the left side of the equations may be written: 

 

)4...(..........
)(

1

tnd

dn

dt

dn

n e

kjkj

e

  

And the solution becomes a function of the new variable (net). After a long time coronal 

equilibrium is established and the time derivatives go to zero. If the temperature is high enough 

most of the low Z ions will be completely stripped at equilibrium.  

Each of radiation power terms in (eq. 1) except (PC) is proportional to the electron density and to 

the density of impurity atoms (nk =nk0+nk1+....+nkk) so we can define a radiation power 

parameter for species k [2]: 

)5.........(........../)()( 3

kekBLRk nnPPPmWQ   

Which varies with time during approach to equilibrium and is also a function of (Te). Equilibrium is 

attained when (net~ 10
18 

m
-3

s) and the power radiated during approach to equilibrium is about an 

order of magnitude higher than the equilibrium value. 
 



Journal of Kerbala University , Vol. 8 No.2 Scientific . 2010 
 

 4 

Coronal equilibrium case: at coronal equilibrium the relative contributions of the four 

terms in (eq. 5) vary with (Te). at low temperatures line radiation is the dominant process. As fewer 

bound electrons remain at higher temperatures recombination and bremsstrahlung become 

significant and the total radiated power decreases. At very high temperatures the radiation power 

parameter is dominated by bremsstrahlung and increases as (Te
1/2

). 
The total radiation power lost from the plasma is found by summing (eq.5) over impurity species 

and combining with (eq.1) [2,3]: 

)6....()/( 3  
k

CCkkerad PkQnnmWP  

For a given impurity species the average values of ionic charge and charge squared are given by: 
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Where (Zkj=j). As (Te) increase more electrons become stripped off the ion and <Z>k →Z the 

atomic number of the nucleus. The total density of heavy particles in the plasma is : 

 

)8.(..........
k

kt nn  

 

According to the principle of "quasi neutrality" the electron density equals the density of positive 

charges per unit volume: 

 

)9.(..........
k

kke Znn  

 

 

We can define an effective value of Z for the plasma as a whole by : 

 

)10.........(
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(Zeff) is useful in estimating plasma resistivity  and bremsstrahlung losses. 

 

Bremsstrahlung: The power radiated by an electron undergoing an acceleration (a) is: 

)11.....(..........
6

2

3

0

2

a
C

e
P


  

The acceleration of an electron during a collision with an ion is caused by the coulomb force 

(Ze
2
/4πε0r

2
)where (r) is their separation and (Ze) the charge on the ion. Because of the resulting  

(r
-4

)dependence of (P) close collisions dominate. There is a cut-off for r at the quantum mechanical 
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distance (d≈ħ/mv) so that the effective cross-section (σ ≈πd
2
)and the duration of collision is 

typically (2d/ v  ) where v  is an average electron velocity. Thus the energy lost per collision is [3]: 

)12.........(
/)2(6

/2

23

0

62

vmCd

eZ
E

vPdE

e








 

Since the effective collision frequency is (nZ σ v ) where (nZ) is the density of charge Z ions, the 

bremsstrahlung power for an electron density (ne) is [3]: 

 

)13...(..........EvnnP ZeB   

Taking (3/2Te=1/2me v
2
) and substituting the numerical factor obtained from a full calculation 

then gives the radiation due to ions of charge Z as [3]: 

)14(..........
)2/3(6

2/12

2/333

0

2/32/1

6

eZe

e

B TnnZ
hmC

e
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Where g is the gaunt factor which gives a quantum mechanical correction. Under the conditions of 

interest (g≈2√3 /π), (Zeff = Z
2  

nz / ne), we can calculate the constants and unified the unites to 

get: 

)15.....(..........1035.5)(

1035.5)(

2/12443

2/12443

eeeffB

eZeB

TnZMWmP
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TnnZMWmP









 

Where (Te)in keV. 
Bremsstrahlung Density power losses will be: 

)16......(...........)( VPMWW BB   

Where V- plasma volume inside reactor . 

 

Cyclotron radiation: The theory of cyclotron radiation losses in quite complex involving emission 

and absorption at harmonics of the cyclotron frequency in spatially varying plasma and magnetic 

field. However the basic elements can be simply described. The power radiation from a single non-

relativistic electron is given by eq. 11 with the acceleration of cyclotron orbit (a=ωce ρe ). Putting 

[ρe=(2Te/me)
1/2

/ ωce] would then give a radiation power density [3]:  

)17...(..........)3/( 233

0

4

eeeC TnBCmeP   

Where (ε0) is the permittivity of free space and (C) is the speed of light. Expressing (Te) in keV we 

can calculate the constants and unified the unites (eq.17) become: 

)18......(1021.6)( 2233 BTnMWmP eeC

   

Cyclotron Density power losses will be: 

)19......(...........)( VPMWW CC   

 

The magnetic field is reduced inside the plasma by plasma current. The resultant magnetic field is a 

function of the parameter: 

)20.....(
2/ 0

2 


B

p

pressurefieldmagneticvacuum

pressureplasma
  

Where (B) is the magnetic induction without plasma. 
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Line radiation:  collisional excitation of an orbital electron in a partially ionized impurity atom by 

a plasma electron causes the plasma electron to lose an amount of energy (∆E) equal to the 

difference in energy levels of the ground and excited states. Normally the excited state will 

immediately decay to the ground state accompanied by the emission of a photon with a discrete 

frequency (υ) where (hυ=E). the power loss due to this "line radiation " can be approximated by 

[4]: 

 

)21........(108.1)(
2/1

22

443

e

eimpeff

L
T

nZZ
MWmP    

Line Density power losses will be: 

)22......(...........)( VPMWW LL   

 

Recombination radiation: Free plasma electrons will recombine with partially ionized impurity 

atoms to form an ion in a ground state lower by 1. the energy loss to the plasma is approximately 

the plasma electron thermal energy which is emitted in the form of a photon. This "recombination " 

radiation power loss can be approximated by: 

)23........(101.4)(
2/3

24

463

e

eimpeff

R
T

nZZ
MWmP    

Recombination Density power losses will be: 

)24......(...........)( VPMWW RR   

 

Calculations and results:  
 From eqs. (15,19,20) the calculation of radiation power losses due to (Zeff) was arranged in 

table (1), for toroidal fusion reactors (Tokamak), (Zeff =1-10) ref. [5]. 

 

Table (1): Calculated Radiation Power Losses which dependent on (Zeff) at (Te=10keV), 

(ne=10
20

m
-3

), (Zimp =1) 

 

Zeff PB  (MWm
-3

) PL  (MWm
-3

) PR  (MWm
-3

) 

1 0.016918 0.0000569 0.00000013 

2 0.033836 0.0001138 0.00000026 

3 0.050754 0.0001707 0.00000039 

4 0.067672 0.0002276 0.00000052 

5 0.084590 0.0002845 0.00000065 

6 0.101508 0.0003414 0.00000078 

7 0.118426 0.0003983 0.00000091 

8 0.135344 0.0004552 0.00000104 

9 0.152262 0.0005121 0.00000117 

10 0.169180 0.0005690 0.00000130 
 

From eq. (17) the calculation of cyclotron radiation power losses due to the magnetic induction (B), 

the results was arranged in table (2), for toroidal fusion reactors (Tokamak), (B=1-10 Tasla) ref. [6]. 
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Table (2): Calculated Cyclotron Radiation Loss At  (Te=10keV), (ne=10
20

m
-3

) 

 

B    (Tasla)  PC    (MWm
-3

) 

1 0.0621 

2 0.1242 

3 0.1863 

4 0.2484 

5 0.3105 

6 0.3726 

7 0.4347 

8 0.4968 

9 0.5589 

10 0.6210 

 

From eq.(19,20) the calculation of radiation power losses due to (Zimp), the results was arranged in 

table (3) , for toroidal fusion reactors (Tokamak) (Zimp =1-10) ref. [6]. 

 

Table (3): Calculated Radiation Power Losses which dependent on (Zimp) at (Te=10keV), 

 (ne=10
20

m
-3

), (Zeff =1) 

 

Zimp  PL  (MWm
-3

) PR  (MWm
-3

) 

1 0.0000569 0.00000013 

2 0.0002276 0.00000208 

3 0.0005121 0.00001053 

4 0.0009104 0.00003328 

5 0.0014225 0.00008125 

6 0.0020484 0.00016848 

7 0.0027881 0.00031213 

8 0.0036416 0.00053248 

9 0.0046089 0.00085293 

10 0.0056900 0.00130000 
 

We study the effect of density increasing on radiation power losses and we arranged results in 

tables(4,5,6) according to density values, the range of effective fusion plasma densities in toroidal  

fusion reactors (Tokamak)  are between (10
19

-10
21

  m
-3

).  

 

From Eqs. (5,15,17,19,20) we calculate the radiation power losses and the radiation power 

parameter due to temperatures increasing (fusion reactors temperatures T=1keV-100keV) at density               

(ne =10
19

m
-3

), the results was arranged in table (4), For density (ne =10
20

m
-3

) the results was 

arranged in table (5), For density (ne =10
21

 m
-3

) the results was arranged in table (6). 
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Table (4): Calculated Radiation Power Losses at density (ne =10
19

 m
-3

), ( B=5.5 Tasla [7]). 
 

  ne =10
19 

m
-3   

T 

 (KeV) 

PB 

(MWm
-3

) 

PC  

(MWm
-3

) 

PL 

(MWm
-3

) 

PR 

(MWm
-3

) 

PTotal 

(MWm
-3

) 

1 5.35x10
-6 

0.0188 1.8x10
-6 

4.1x10
-8 

0.0188 

10 1.69x10
-5 

0.188 5.7x10
-7 

1.3x10
-8 

0.188 

100 5.35x10
-5 

1.880 1.8x10
-7 

4.1x10
-9 

1.880 

1000 1.69x10
-4 

18.80 5.7x10
-8 

1.3x10
-9 

18.80 

 

Table (5): Calculated Radiation Power Losses at density (ne =10
20

 m
-3

), ( B=5.5 Tasla [7]). 
 

  ne =10
20 

m
-3   

T 

 (KeV) 

PB 

(MWm
-3

) 

PC  

(MWm
-3

) 

PL 

(MWm
-3

) 

PR 

(MWm
-3

) 

PTotal 

(MWm
-3

) 

1 5.35x10
-4 

0.1880 0.00018  4.1x10
-6 

0.1887 

10 1.69x10
-3 

1.880 5.7x10
-5 

1.3x10
-6 

1.8817 

100 5.35x10
-3 

18.80 1.8x10
-5 

 4.1x10
-7 

18.810 

1000 1.69x10
-2 

188.0 5.7x10
-6 

1.3x10
-7

 188.10 
 

Table (6): Calculated Radiation Power Losses at density (ne =10
21

 m
-3

), ( B=5.5 Tasla [7]). 
 

  ne =10
21 

m
-3   

T 

 (KeV) 

PB 

(MWm
-3

) 

PC  

(MWm
-3

) 

PL 

(MWm
-3

) 

PR 

(MWm
-3

) 

PTotal 

(MWm
-3

) 

1 0.05350 1.880 0.018 4.1x10
-4 

1.8870 

10 0.16906 18.80 0.0057 1.3x10
-4 

18.810 

100 0.5350 188.0 0.0018 4.1x10
-5

 188.10 

1000 1.6906 1880.0 0.00057 1.3x10
-5

 1881.7 
 

As a comparison we compare between the calculated density power radiation losses (Theo.) from 

Eqs. (16, 19, 22, 24). And values of density power radiation losses taken from reference (Ref.) for 

three kinds of fusion reactors (TFTR, IGNITOR, ITER) parameters, the results was arranged in 

table (7). 
 

Table (7) : Theoretical Density Radiation Power Losses Calculation (Theo.) Compare With 

Reference Radiation Power Losses Values (Ref.), 

Density Power  T F     T R IGNI TOR I T E R 
Losses Theo. Ref.[8] Theo. Ref.[8] Theo. Ref.[8] 

WB    (MW) 0.300 0.300 2.700 3.400 20.50 21.00 

WC   (MW) 0.075 0.100 0.200 0.100 1.050 0.600 

WL   (MW) 0.070 0.100 0.430 0.400 3.800 4.000 

WR   (MW) 0.028 --- 0.320 --- 0.443 --- 

WRAD.(MW) 0.473 0.500 3.650 4.100 25.79 26.00 

Plasma 

Volumes  [8]  

 

V(m
-3

)= 
 

38.8 

 

V(m
-3

)= 
 

9.90 

 

V(m
-3

)= 
 

820 

 

TFTR: Tokamak Fusion Test Reactor. 

IGNITOR: Ignition Tokamak Reactor. 

ITER: International  Tokamak Energy Reactor. 
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Discussion and Conclusion:  
 

1. The radiation power loss from a plasma depends strongly upon effective ionic charge (Zeff) 

as shown in table (1). 

2. The cyclotron radiation power loss from a plasma depends strongly upon magnetic induction 

(B) as shown in table (2). 

3. The radiation power loss from a plasma depends strongly upon the impurity concentration 

and impurity effective ionic charge (Zimp), when (Zimp) increase the recombination losses 

increase more than line losses, as shown in table (3).  

4. The radiation power loss and radiation power parameter from a plasma depends on 

increasing electron temperature and density increasing as shown in table (4, 5, 6).  

5. we conclude form tables that the parameters (Zeff, Zimp, B, T, n) should be controlled to 

reduced the losses and to increase the net fusion reactors power through confining the 

plasma particles (energy) as long as possible. 

6. At (T=100KeV) the losses becomes so much where the reactor fail in confining plasma 

energy as shown in tables (4,5,6), we conclude from calculations the most suitable 

temperatures are between (T=1-100KeV), and the most suitable density is (n=10
20

 m
-3

) for 

toroidal fusion reactors. 

7. From table (7) the comparison between theoretical density power losses and density power 

losses values taken from reference  prove that our calculations are so reasonable. 

8. From results shown in tables we conclude that by reduced these losses we can increase the 

net fusion power through confining the plasma particles as long as possible.  
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