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Technique of calculation the pitch-angle, energy and poloidal distributions of the flux of charged fusion products (CEPs) lost to the
first wall of axisymmetric tokamak due to first orbit (FO) loss mechanism is developed. This technique extends the approach for
evaluation the poloidal distributions of FO loss of CFPs in tokamaks proposed by [Kolesnichenko Ya.l. et al. Sov. J. Plasma Phys 2
(1976) 506]. The upgraded technique enables to calculate distributions of lost fast ions in wide class of tokamak magnetic
configurations. Analytical model of the magnetic field used in this study [Yavorskij V.A. et al. Plasma Phys. Control. Fusion 43
(2001) 249] takes into account Shafranov shift, elongation, triangularity and up-down asymmetry. Usage of the drift constant of
motion space allows substantial reducing the computational efforts for simulation the lost particles flux at a given point of the first
wall. The developed approach is useful for simulation the pitch-angle and energy distributions of fast ions lost to the scintillator
detector [Zweben S.J. et al. Nucl.Fusion 30 (1990) 1551] in present-day tokamaks [Kiptily V.G. et al. Nucl Fusion 49 (2009) 065030)
as well as for calculation of the CFP fluxes to the plasma-facing wall in future tokamak-reactors.
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Pazpaboran mMeTon At pacueTa pachpeNeNeHuil Mo MUTY-yTiy, SHEPTHM U MONOUAANBHOMY YTITy MOTOKA 3apsKEHHBIX MPOIYKTOB
cunresa (3I1C), TepsieMbIX Ha MEPBON CTEHKE OCECHMMETPHYHOIO TOKaMaKa BCIEICTBHE MTHOBEHHBIX MoTephb (MII). DToT MeToxn
pacmmpsieT TOAXoA I pacdera monomjgambHoro pacmpenenenuss MIT 3IIC B Tokamakax, KOTOpBI OBUT TIPEATIOKEH B
[Kolesnichenko Ya.l. et al. Sov. J. Plasma Phys 2 (1976) 506]. YcoBepIIEHCTBOBaHHBIH METOJ MO3BOJSIET PACCUHTHIBATH
pacrpeienieHui TepsieMbIX OBICTPBIX HMOHOB JUIS IMIMPOKOTO KJlacca MarHUTHBIX KOH(uryparwii TokamakoB. Vcrons3yemast B 3ToM
HCCIICOBAHNN AHAINTHYECKass MOJENb MAarHUTHOTO IIOJISl YYWTHIBAaeT MIa)paHOBCKUH CHBHT, DIUTHITHYHOCTH, TPEYTOJIBHOCTH U
acUMMETpHI0 «Bepx-HU3» [Yavorskij V.A. et al. Plasma Phys. Control. Fusion 43 (2001) 249]. Vcnons30BaHue MPOCTPAHCTBA
MHBapUaHTOB IBIKEHMSI TaeT BO3MOXKHOCTb 3HAYMTEIBHO YMEHBIIMTh BBIYMCIHUTEIbHBIC YCHIIUS HPH MOJCIUPOBAHUM MOTOKA
TepsIeMBIX YAaCTHI] B 33/laHHYIO TOUKY Ha MepBOil cTeHke. Pa3paboTaHHBI MOAX0/ MONE3EH ISl MOASTUPOBAHUS PaCIIPeIeNICHUs IO
MUTY-YIIy W JHEPTUH TEPSIeMBIX OBICTPBIX HMOHOB, KOTOPbHIE IOMAa0T B CHUHTWIULAIHMOHHBIA NeTeKTOp [Zweben S.J. et al.
Nucl.Fusion 30 (1990) 1551] B coBpeMeHHBIX ToKamakax [Kiptily V.G. et al. Nucl.Fusion 49 (2009) 065030], a Tak)ke pacCUUTHIBATH
noroku 3[1C Ha mepByIo cTeHKY B OyIyIINX TOKaMakaX peakTopax.

K/IIOYEBBIE CJIOBA: MrHoBeHHbIC NOTEpH, 3apsDKEHHbIE IPOLYKTBI CHHTE3a, OCECHMMETPUUHBI TOKaMaK, HEKpYIJIbIe
TIOTOKOBBIE TIOBEPXHOCTH, CLIMHTWILIALIHOHHBIH AETEKTOP.
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Po3po6ieHo MeTox 00UMCIeHHS PO3IOILUIIB TI0 MiTY-KYTY, EHEprii Ta MOJOIMHOTr0 KyTy MOTOKY 3aps/PKEHUX IPOAYKTIB CHHTE3Y, SIKi
BTPAYalOThCsl HA MEPIiil CTIHII OCECUMETPHUYHOr0 TOKaMaka BHACIIIOK MHUTTeBHX BTpar (MB). Lleil MeTon po3mmproe miaxia ass
obuncnenns nonoigHoro posnoaisy MB 3I1C B Tokamakax, sikuii OyB 3anponoHoBanuii B [Kolesnichenko Ya.l. et al. Sov. J. Plasma
Phys 2 (1976) 506]. IloxpammeHuii METOA TO3BOJISIE PO3PAXOBYBATH PO3MOALTH IIBHIKUAX 10HIB, IO BTPAYAIOTHCS, I UIMPOKOTO
KJIaCy MAarHiTHHX KOH(QIrypamiidi TOKaMakiB. AHAJNITHYHA MOJETh MarHiTHOTO IOJIS, SIKa BUKOPHCTOBYETHCS B IBOMY JOCIHIKEHHI,
BpaxoBye MapaHiBCHKUH 3CYyB, SNNTHYHICTD, TPUKYTHICTE Ta aCUMETPiI0 «BepX-HU3» [Yavorskij V.A. et al. Plasma Phys. Control.
Fusion 43 (2001) 249]. BuxopucTaHHs IPOCTOPY IHBApIaHTIB PyXy Ja€ MOXKIIMBICTH 3HAYHO 3MEHIIUTH O0UHCITIOBAIBHI 3yCHILIS IIPH
MOJICITIOBaHHI MMOTOKY YaCTHHOK, IO BTPAaYyalOThCs, B 3alJaHiil TOYIl HA MEpIIiid CTiHIi. Po3poOieHWil miaxin € KOPUCHHM ISt
MOJICJTIOBAHHS PO3IMOJIIY 32 MiTY-KyTaMH Ta CHEpriiMH IIBUIKUX IOHIB, IO BTPAYalOTHCS, Ta JOCSTAlOTh CLUHTHIALIHHOTO
nerekropa [Zweben S.J. et al.  Nucl Fusion 30 (1990) 1551] y cyuacHux tokamakax [Kiptily V.G. et al. Nucl Fusion 49 (2009)
065030], a Takoxx obuncaroBatu moToku 3I1C Ha mepury cTiHKY B MaOyTHIX TOKaMaKaX-peakTopax.

KJIFOYOBI CJIOBA: MuTTeBi BTpaTH, 3apsHKEHI NPOIYKTH CHHTE3Y, OCECUMETPHYHHN TOKaMak, HEKpPYIJi MOTOKOBI MOBEPXHI,
CIMHTHISAIIHHUN JETEKTOP.

Charged fusion product (CFP) losses together with neutron fluxes are expected to cause main damage of a fusion
reactor first wall. One of the conventional loss mechanisms of CFP is the first orbit (FO) losses. The thorough review
on theoretical study of this loss mechanism is presented in [1]. Review on experimental research activities can be find in
[2]. Analytical approaches for first orbit flux calculation were derived in [3,4]. It should be noted that these models
were provided for poloidal distributions of FO loss of CFPs in tokamak with circular cross-section. The approach
developed in [5] gives an opportunity to calculate the poloidal distribution of FO loss flux in tokamak with elliptic
cross-section. The numerical code presented in current study in addition to poloidal distributions allows also
examination of pitch-angle and energy distributions of the FO loss in tokamaks with elliptic and triangular flux
surfaces.

First systematic experimental research of the FO losses of CFPs was carried out in TFTR (Tokamak Fusion Test
Reactor) [6]. The main diagnostic system in this research was the scintillator detector of charged particle. It was able to
measure a pitch-angle and energy distribution of the escaped fast ions due to the design of the detector. The scintillator
detector is widely used on nowadays tokamaks JET (Joint European Torus) [7,8], ASDEX-Upgrade [9], DIII-D [10]
mainly for studying losses of energetic particles caused by either plasma MHD activity, either complex symmetry-
breakings [11, 12, 13]. It is assumed that complex symmetry breakings are the magnetic perturbations that break axial
symmetry of the tokamak magnetic configuration, e.g. toroidal field ripples, magnetic perturbations caused by Edge
Localized Modes (ELMs) mitigation coils, magnetic perturbations caused by Test Blanket Modules in ITER etc. In the
framework of these studies, first orbit losses usually cause an unavoidable background signal.

After the first experiments in TFTR, it became obvious that first orbit losses can be decreased significantly due to
increasing plasma current above 3 MA , e.g. in ITER with plasma current of order 15MA and minor radius 2m these

losses are believed to be negligibly small (below 0.1% ) [11]. Besides that, these experiments showed that these losses

are in good agreement with theoretical predictions. Nevertheless, interest to these losses in this study is caused by
necessity to develop common approach for simulation of first orbit loss signal in scintillator probe in order to
distinguish contributions from the studied processes and from the FO losses. Thus toroidal field ripple induced losses
were observed in addition to the conventional first orbit losses of DD CFPs in JET [14].

The crucial point of this study is to use magnetic field model, which could cover variety of the existing tokamak
configurations, in order to provide crosscheck for different experimental setups. The appropriate model was developed
in [15]. Using this model, it is also possible to carry out test particle simulations using the same numerical model of the
magnetic configuration [16].

Description of CFP dynamics needs accurate accounting for the Larmor radius of the orbit. For typical parameters
of a reactor scale closed magnetic traps this radius can exceed about 10 cm for CFP. Larmor motion of CFP can be
taken into account in the developed approach by appropriate modification of the boundary values of motion invariants.
However, to simplify the analysis of FO loss distributions in this paper we neglect the finite Larmor orbit width.
Additionally, test particle simulations were carried out using the same magnetic configuration in order to provide a
cross-check. The results showed good agreement for 2D smooth profile of the axially symmetric first wall.
Nevertheless, the same simulation for real 3D wall will need to take into account the finite Larmor orbit width.
Developing of such extended approach is underway now.

Thus, the main aim of this study is to develop the theoretical approach for simulation spatial and velocity
distributions of first orbit losses in order to model the scintillator probe signal of pure first orbit losses. This approach
should cover variety of existing magnetic configurations, the magnetic field model should be flexible for predictive
modeling, and should maintain test particle simulations for crosscheck validation. Smooth, axially symmetric wall is
assumed. The finite Larmor orbit width has been neglected yet, in order to introduce the main ideas of developed
approach.

In this paper, the theoretical basis of the developed code is presented along with results of the test runs of this
code. The test particle validation and comparative analysis of the experimental data is underway now. The rest of the
paper is organized in the following way. In the first section, the analytical model of the axisymmetric magnetic
configuration is specified. Next section is devoted to the calculation technique of flux density of the first orbit losses,
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including flux calculation model, drift orbit equations in terms of constants-of-motion and drift orbit topology analysis.
Results of the test runs and concluding remarks are presented in the last section.

MAGNETIC FIELD MODEL
In current study, magnetic configuration of tokamak is assumed to be axisymmetric with non-circular flux
surfaces. The analytical model for such configurations is described in details in [15]. It is supposed that flux surfaces are
determined by the parametric dependence of the cylindrical coordinates

R(p.x)=R,+A(p)+pcos(x), (1)
Z(p.x)=Z, ~k(p)psin(x)[1-A(p)cos(7)]". @

where R and Z represent the spatial variables of the cylindrical coordinates {R,(o,Z } , P and ) represent variables

of the new flux-like coordinates { 25X q)} with clear physical meaning, A( p), k( p) and A( p) are flux surface
parameters: the Shafranov’s shift, the elongation parameter and the triangularity parameter respectively, and ¢ is a flux
surface model parameter, R, is vacuum vessel major radius, Z_ isa Z coordinate of the magnetic axis. The physical
meaning of { 25X (/)} - coordinates can be understood from Fig.1. The coordinate p is a flux surface label and its
value is equal to distance between the magnetic axis and the flux surface in the equatorial midplane, and y is the
analog of poloidal angle. The angle ¢ is the toroidal angle, and its value and direction coincide in both coordinate

systems {R,¢,Z} and {p,;{, qo} .

According to used model, the flux surface parameters can be evaluated using expressions

A(p)=A.(p). (3)
k(p):ke(p)M[H(l—Mz)/aT, 4)
Alp)=A(p)M*/(1-M" +a), )

where le/,ll—/\i(p), A‘_,:Aeo[l_(p/apl)j, ke(p):keo+kel(p/apl)2, Ae(p):Aeo(p/apl)z.

Quantities A,, k, and A, for each prescribed flux surface can be derived from the geometrical parameters of flux
AeO ’ keO’ kel
and A,, are presented in Table 1. It should be noted that the explicit form of the expressions (3), (4) and (5) depends

surface shape. The procedure of such derivation is described in [15]. Numerical values of constants a,, ,

on the certain model of the magnetic configuration. Here it is used one of the three analytical models developed in [15].
These models cover the variety of observed flux surface shapes for axisymmetric toroidal magnetic configurations
including up-down asymmetry.

The components of the axisymmetric magnetic field in coordinates {R,(p,Z } are given by

J(Y) oR(p.x)

R — 5 6
Jea(p)  ox ©
J
B=—"—,
1) R(p,){) @)
_ J(Y) 9Z(p.x) ©
© Jealp) o

where J = (4, / 271) NJ . total poloidal current parameter, 4, magnetic constant, N number of toroidal field coils
(TFC), Jyc poloidal current in single TFC, q( p) safety factor, \/§ Jacobian of coordinate system {p, ,1’,(p},

1 2z
Y ( P, ,1’) flux surface geometry factor, <> =2— I d y... denotes the averaging over poloidal angle ¥ . The explicit
T 0

expression for ¥ ( 2, ,1’) depends on magnetic configuration analytical model, and can be evaluated using definition

Y=\g/R*. ©)

Magnetic configuration calculated using parameters given in Table 1 is in good agreement with typical axisymmetric
equilibrium magnetic configuration in JET. These values for the magnetic configuration parameters are used below, if
contrary isn’t pointed. As an example, flux surfaces calculated using this analytical model are presented in Fig.1.
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Table 1.
Parameters of the magnetic configuration analytical model
Parameter name, unit Parameter value
Vacuum vessel major radius, m R, =2.89
Magnetic axis Z coordinate, m Z, =0323
Flux surface model parameter a=-0.5
Maximum minor plasma radius in equatorial plane, m a,= 0.961
Magnetic axis Shafranov shift, m A, =0.11
Elongation profile parameters k,, =136, k, =0.315
Triangularity profile parameter A, =0.174
Total poloidal current parameter, 7"m J=-7.58

MODEL OF THE FLUX OF CFP LOST FROM THE TOKAMAK PLASMA DUE TO THE FO LOSS
MECHANISM

Flux calculation model

Commonly total flux of lost particles I,  can be written as

loss

1—‘lass = I Rfus (r’ V) drdv >

Loss domain

(10)

where R, (r, v) source of charged fusion product particles, r and v radius vector and velocity vector respectively.
The integration domain ‘Loss domain’ is defined by full set of particle orbits, which intersects confinement boundary,
e.g. last closed flux surface or vacuum vessel wall. Here we assume that particle is lost if its trajectory intersects plasma
boundary p=a,,.

Generally, the integration domain is six-dimensional. However, taking into account axial symmetry of the problem
and using guiding center approximation, this domain becomes four-dimensional. This means that a full set of lost
particle trajectories can be described by only four variables. Thus, the concrete set of four numbers defines only one

specific orbit. Certainly, it is true if effect of Coulomb collisions is neglected.
Diagnostic techniques, such as scintillator probe or Faraday cup, give a tip to choose the set of variables in

following way {a, ;(a,fa,V} , where a, y, define the position of probe in { P, ;[} coordinates, and fa,V describe
orbit parameters (pitch &= 4 / V' and particle speed V', where V| is parallel particle velocity). Nevertheless, it is

possible to derive alternative representation of lost particle flux in terms of variables {a, XarCos V}

A p, x.EV
M= | Rfus(”’@’V)@%

Loss domain
where it is supposed that source of charged fusion product particles R s

2rdpdy, 27VdE AV, (11)

in real space depends only on flux label p

and it is axially symmetric in velocity space regarding to the direction of magnetic field. First assumption is based on
the thesis that R s depends only on plasma specie densities and temperatures, which are commonly supposed to be

constant on the flux surface. The second one is a consequence of the fast phase mixing due to cyclotron gyration.

In order to establish relationship between {a, ;(a,fa,V} and {r,v} variables, and derive the expression for the

Jacobian of coordinates transition d(p, ¥,&,V) / d(a,x,,&,,V) itis necessary to provide drift orbit analysis.

Drift constants of motion
There are three constants of motion for charged particle in axisymmetric toroidal magnetic field: the total energy

W=mV? / 2, the magnetic moment 4 =mV} / 2B and the toroidal angular momentum F, = R(mV‘I —eAq,) , where
m and e are particle mass and electric charge (not necessarily the electron charge), V' is particle speed, V| and V',
are particle velocity components respectively parallel and perpendicular to the magnetic filed, B, B = |B| , R is radial

component of the {R, 0,z } cylindrical coordinates, A is a toroidal component of a vector potential A.

4

Taking into account the invariance of ¢ and F,, guiding center motion equations take the form
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(1-&)R=(J /W), (12)

¥+ (mV/e)lR=P,, /e, (13)

where (J /W) u, and F, / e are constants, which define certain orbit, subscript 'a" points that invariants 4 and P,
are expressed in terms of variables ¢, = { Xl V} and ¥ =—4, . Finally, one can get

(1-&)R(p.x)=(1-& )R, . (14)

Y (p)+CER(p,x) =", +CER,, (15)

where R = R(a, Z. ), Y, = ‘I’(a) and C=mV /e . These equations implicitly define particle trajectory p( ;{,ca)

and pitch-angle variation along orbit f( x.¢, ) Nevertheless, not only ¥ can be chosen as the independent parameter,

it is also possible to consider p or & as independent variable.
In order to exclude the dependence on } these equations can be rewritten as

R(p.¢,)=(B:+D;)/2C, (16)

(p)=(B.—D;)/24,, (17)

where A. =¥ (p)-¥(a)-CER., B.=(1-E )R C and D.=,/B; +4A; , these designations are made for
£ a’ta 4 a a ¢ 4

convenience reasons.

Under given orbit parameters {a, )(a,fa,V} it is possible to reconstruct the guiding center trajectory for particle
with speed V', which passes through point {a, )(a} with pitch &, . For this purpose, one can change p continuously
and evaluate R from Eq. (16). Then using R and p it is possible to derive y

Z:arccos{[R(p)—Ro—A(P)]/P}- (18)

Finally, using Eq. (2) coordinate Z can be obtained.
Examples of reconstructed trajectories are in Fig.2. Taking into account up-down symmetry of magnetic

configuration, and supposing that point {a, ){a} is the final point of trajectory, independent parameter p should be
changed only in segment [ pmm,a] , where p_. is value of variable p at the point of intersection of trajectory with

equatorial midplane (see Fig.2).

2.0
15
1.0
0.5 <
55 00| & S
Ry = Ry +(0) y
05 %
1.0
j5e]
1
] [ | i ¥ i T il - |
20 235 3.0 3.5 4.0
R.om R om
Fig. 1. Flux surfaces, coordinates { R,p, Z} and { P, (p} Fig. 2. Typical orbits of charged particles in axisymmetric

tokamak configuration .
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To find p,, one can derive the equation

C2R2 (pmin >Zmin ) - A§2 (pmin ) + B§CR(pmin’Zmin ) = 0 ’ (19)
where y, . =0 for intersection point at the ‘low field side’ and y . = for the ‘high field side’. Strictly saying, these

two types of orbits are separated by the extreme trapped orbit, so called, ‘the widest banana orbit’. It is demonstrated in

Fig.2. by bold line. Analysis of the drift orbit topology in axisymmetric magnetic configuration is presented in next
subsection.

Drift orbit topology analysis
First of all, let us introduce commonly used charged particle orbits classification: ‘co-passing’, ‘counter-passing’
and trapped orbits [17]. Examples of orbits, which reach the detector, are presented in Fig.2 (from left to right): ‘co-

passing’ (&, =0.86), ‘the fattest banana’ (&, =0.59), ‘banana’ (&, =0.3). Simulation parameters: tritons with
energy W =1MeV , probe position a =0.961m, y, = /6. Dashed lines correspond to flux surfaces, bold dash line
represents the outermost flux surface p=a=0.961m .

In order to give analytical description of the orbit variety and to determine boundaries of the appropriate domains
in phase space, we will consider the set of orbits with fixed set of variables {a, ;(a} and we will analyze the position of

trajectory intersection point with equatorial midplane p_. as a function of parameter values {fa , V} .

In order to find p,,, let us consider Eq.(19). In general, this equation doesn’t have analytical solution taking into
account magnetic configuration considered in this paper. In order to treat this equation numerically it is necessary to
localize roots. Dependence of the left hand side of Eq. (19) versus p, . for different parameter values {fa,V} is

presented in Fig.3. For present study, firstly, we are interested in dependence on &, under fixed V. This interest is
caused by experimental reasons.

17 | £=10 | Triton 1MeV 005-_ . :
- 0.04 ] . |
5 01— @ 0031 Triton 1MeV :
= 8 1 o !
3 g 0.02 1 £=0 E ;
Rl 2 0014 ~ ' §
|2 N 7
£ 1% . 000 =
g 242 2 001 i
< < = ] , g
= 1% S -0.02 E
S 3q{E . -0.03 .
_N _ .
QE QE -0.04—_ ‘/\: N 0:
- 005 +—— L o
3.80 3.85
R.m
b)

Fig.3. Graph presentation of the LHS of Eq. (19) for p,,, .
a) pitch &, varies from —1 to | with step 0.2 ; b) enlarged fragment of a) for £, <0
It is seen from Fig.3b. that for orbits with & <0 only one root for each orbit exists at the ‘high field side’ near
plasma edge. In Fig.2. these orbits lie to the right of orbit with & =0 . It is obvious that particles with such trajectories
can’t give any significant flux at point {a, )(a} , because they pass through plasma periphery with low density. That is
why we won’t pay attention to these orbits further.

The ‘banana’ orbits also have only one root. The most problematic are potato orbits, because they have two roots,

and these roots don’t necessary lie on both sides from magnetic axis. In order to distinguish these roots one should find
wb

P, for ‘the widest banana’ orbit. Further it is denoted as 0" . And &£ is the value of the orbit invariant &, , which
corresponds to the ‘widdest banana’ orbit. Then two roots of the ‘potato orbits” will lie on both sides of pr:ﬁl . Besides
that there is very narrow class of ‘twins’ orbits. Under ‘fwins’ here we understand orbits with different set of parameters
{a, ;{a,fa,V} but the same coefficients {A ,B ,C} and thus the same equation for p, . . These orbits have three
roots: two roots lies at the ‘high field side’ and one — at the ‘low field side’. The leftmost root belongs to ‘co-passing’
orbit which moves down to point {a, ;(a} . And two others belong to closed orbit of ‘counter-passing’ particle, which
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doesn’t loss because it doesn’t pass through point {a, ;{a} . Nevertheless, these orbits can be distinguished too with the
help of p" .

To find p;f; it is necessary to find the root of the first derivative of F,. The matter is that the toroidal angular
moment under given {a, ){a,V} has an extremum for ‘the widest banana’ orbit. Thus it is possible to find f;“b (or
corresponding pl:f; ) using equation

A(F/e) _2¥(py )8, +C (1485 R (s, 7)
P, 2(£,-¢.)

where ‘prime’ denotes derivative d / d p,, and p,, is a coordinate of the intersection point of the drift orbit and

> (20)

equatorial plane, feq is the value of the pitch at the equatorial plane. In fact, variable p, is equal to p, ;. for ‘co-
passing’ and ‘the widest banana’ orbits, but here it is considered as independent variable, which labels drift orbit. The

variables feq and &, in Eq. (20) are functions of P., only. The explicit expressions for §eq ( peq) and &, ( peq) can be

derived from Eqs. (14) and (15):

feq(,oeq):(—b§ +/b; —4azc; )/(2%), 1)
whete a; = C*R(p,,.7)| R(p.,,7) =R, |, b; =2CR(p,,.7)| ¥(p.,) -V, | and
¢, =C'R [R(p,,.7)- R, |+[¥(p,) -, :and

¢, (peq)Z(—b; + /b7 —4aic )/(Za;), (22)

where a; =C’R, [R(peq,ﬂ')—Ra} b; =2CR, [‘I’(peq)—‘l’a] and

2
c; = CzR(peq ,ﬂ)[R(peq,ﬂ') -R, } - [‘P (peq ) - ‘I’a] . It should be noted that all quantities in Eq. (20) - (22)
corresponds to equatorial midplane at the ‘high-field side’.
The plots of &, ( peq) given by Eq. (22) for different values of the particle energy W are presented in Fig.4. The

corresponding orbit types are illustrated in Fig.5 for triton with energy W =1MeV . It should be noted that the case
W =2MeV in Fig.4 corresponds the situation when all orbits of trapped particles with & >0 are ‘potato’ orbits.

' Pe . ) |
‘ %l '
1-0'd‘{“;,'il ---------------- -.:.'-T.j L (o :“;_“.-i-“-“—‘-——‘-'
L % o e P i L. | 'trapped
BB - S Treetedang b X iy P Ey A e e 2 A e e
w00 W= 10keV |[% % a5 0104 === 7L P U e oo
) o I @ N DY
e W=100keV |0 : = o ]
-~ W= 1MevV |@® ; 9 o ' 3 &
= rel v 2 o O
051 _.._w= 2mev | | 93 - & &5
£ = )8 =
= [ 2 PR | e e S [ PR B e AL IR E 15 g
' 8g
T T Iy T T ; g = = =
2.0 25 3.0 3.5 2.0 25 3.0 3.5
m 1

min " min '

Fig.4. The profile of the orbit parameter &, in equatorial Fig.5. The profile of the orbit parameter &

midplane. Simulation parameters: tritons with energies midplane for triton with energy W =1MeV , and probe position
W = {1,10,100,1000, 2000} keV, probe position 4 =0961m, y, =x/6.

a=0961m, y, =7/6.

in equatorial

According to the presented drift orbit analysis it is now possible to localize roots of the Eq. (19) and to finish the
definition of ‘Loss domain’ in {a, XarCos V} . Thus the expression (11) for the loss particle flux can be written as
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7[ oo 1 a a X, ,V
r/oss = 27Z'J. dZaJ.deﬂ.Vz j d§a2 J. dpR_ﬁAs (IO’ ga’V)\/gM (23)
-1

Prnin (@:74-645V) a(a’la’fa’V) ’

where /g can be derived using Egs. (1) and (2), and 9 ( ye f,V) / 0 (a, XirCos V) can be derived using expressions
(16) and (17).

- 0

RESULTS AND CONCLUSIONS
Commonly, the scintillator probe is placed at the fixed point. This gives an opportunity to consider only flux at the

given location {a, )(a} . Next point is that this probe data contains information about separate flux tubes with the given
pitch and particle speed {fa,V} , 1.e. the signal from the certain channel of probe is in fact proportional only to value
of the integral over p in (23). Thus for further study we will consider only monoenergetic flux 7 of lost particles at

point {a, ;{a} with pitch and velocity {/fa , V}

f I(p: :.V)
I(a,7,.€,.V)= dpR;, (p.6V e =7 =7 (24)
p(!z & d(a.2,.6..V)
Following expressions for metric coefficients can be used:
Je =R (p,;()k(p)pz'{yo +%,cos y+y,cos’ y+y,cos’ ;(} 25)
where coefficients 7 and y; are given in Table 2 in according with [15];
a Ly £L-X) V asin 1+ 2 1
(P 2:6:V) _asing, 1+& 6

Ia.x,.6,.V) psing 1-& J144/6%°
where G=8B 5 / Acf. It is supposed integration along orbit in Eq. (24). Thus, the variable } in Egs. (25) and (26) can be
derived using Eq. (18)

Table 2.
Magnetic field model coefficients
% 1+1+adl 4 (1-Acos y)""
% d—(1+1-a)A—am, d A
V2 ~1-(1+a)dl ! (K'[k)p
75 (I-a)A+am, m, 1N

To provide numerical integration in Eq. (24) it is used Gauss scheme with 32 points. This scheme doesn’t require
the evaluation of integrand at the integration domain ends. This feature of the scheme becomes very useful taking into
account singularity of Eq. (26) at ¥ =0 and y = 7, which takes place for p=p . .

The results of the numerical evaluation of Eq. (24) for tritons with energy W = {10,100,1000} keV at different

values of pitch &, are presented in Fig.6. For this calculation the source term was supposed monoenergetic

1
= f—
R (p6V) =70V =V,). 27)

where V) =~2W /m .

From Fig.6 it is obvious that form of flux profile for triton energies W >2 MeV is different compared with triton
energies W <2 MeV . 1t is caused by topology of orbits with large energy, namely, orbits of all ‘trapped’ particles are

‘potato’, and there are no ‘banana’ orbits (see Fig.4). Besides that, there is no ‘gap’ in the equatorial midplane, which
corresponds to ‘twins’ orbits (see Fig.5).

It is obvious that FLR effects play significant role in the CFP dynamics. However, to simplify the analysis of FO
loss distributions in this paper we neglect the finite Larmor orbit width. Nevertheless, gyro-orbit simulation of 400000
test particles was carried out using in order to provide a cross-check. The results of this calculation are demonstrated in
Fig. 7. It is seen that distributions of both approaches are in reasonable agreement.

In test simulation particles were uniformly distributed in the torus RZ-section bounded by last closed flux surface.
Each particle was traced for 20 microseconds; it corresponds to nearly 2000 cyclotron periods of triton in this magnetic
configuration. All parameters of magnetic configuration were the same as provided above in the paper. The error bars of
points, which correspond to ‘full orbit’ calculations, are estimated using expression for dispersion of the binomial
distribution.
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fErr(fai):\[szi(l_pi)> (28)

where f,. notes absolute magnitude of the error for point £,, Ny is total number of particles escaping to the

scintillator probe with pitch &, >1, p, is the probability that &, —AE/2< &, <&, +AE[2, (AE=0.05).

4.0 | | i 40 | | | )
{Monoenergetic tritons| 3 {Monoenergetic tritons| =
3.5 ? A 3.5 2\
(7] J i wn J X
E SBHITT R ) R E 3.0 Hliee
D ]It WEIOD RS S ] . NN~
S 257 e W=1000keV | i g 259 HE AR RO
® 25 il R s i Y L]t LB | R R
P y s e 3 i Ltetem P i ., N
S 1.5 2 & = B o T M. T
L Teracpieps censnnernet atoes bl L L Tosdabis Sonsasraeh I W =1 MeV .. {\
1.0— ] \.. '-. 10— W=2 MeV '-‘ '\\
1 .'s .'. 4 . . | .'.
0.5-1apid e alee=” Tl 0.54 —-=-W =3 MeV o3
00_ \_'-—-.______:_"_: 00- --- W=5Me\/:
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Pitch angle Pitch angle
a) b)

Fig.6. Fluxes of lost tritons with monoenergetic distribution
a) W ={10,100,1000} keV" ; b) W ={1,2,3,5} MeV .

The mean deviation of models O is estimated as

o= \/(.ffull()rbit (é:i)_fdr,ﬁ (f, ))2/N , (29)

where f7,, and f,,.. are values of normalized flux at point with pitch &;, N is a number of points (N =20).

1 [ mean deviation of models ]
0129 " full orbit' model { i
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Fig. 7. Comparison of the pitch angle distribution of the lost Fig. 8. Comparison of the lost trajectories, which are calculated
CFP, which are calculated using ‘full orbit’ and ‘drift orbit’ using ‘full orbit’ (solid line) and ‘drift orbit’ (dash line)

models. The error bars are estimated using Eq. (28). models. a) &, =0.725 (pitch angle ~ 40°);

Z ] ©)
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= ] E -
N 05 N 03
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Fig. 8.(cont.) b) &, =0.575 (pitch angle ~ 55°); Fig. 8.(cont.) ¢) &, =0.175 (pitch angle ~ 80°);
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To clarify the nature of the discrepancies of FO loss distributions in Fig. 7 we compare the drift and full gyro
orbits for circulating and toroidally trapped particles considered in this figure. Fig. 8a represents the trajectories of the

passing particle with pitch & =0.725 (pitch angle ~ 40°), while Figs. 8b and 8c display the orbits of toroidally

trapped particles with &, = 0.575 (pitch angle ~ 55°) and &, =0.175 (pitch angle close to 80”) . One can see that for
circulating particle the length of the ‘drift’ trajectory is greater than the length of its guiding center trajectory in the ‘full
orbit’ model. Contrary the lengths of drift orbits of trapped particles are less than those of the guiding centers of full
gyro-orbits. The biggest deviation in orbit lengths is observed for trapped particle with pitch angle ~ 55° (Fig. 8b) that
can explain the underestimation of the FO loss of marginally trapped particles at pitch angles 55-60° in drift
approximation seen in Fig. 7.

In order to clarify the effect of energy profile of the source term, numerical simulation was provided for ‘Gauss’-

like form
mV |y
R, 26,V ) =———.|—expy—
fus (p f ) 2WCM \/; p 7 WCM

2

-1 , (30)

where W=mV2/2, y=W,., / pT, W, is birth energy in center mass frame, S is distribution dispersion

parameter, 7' is plasma temperature. Examples of distributions given by Eq.(30) are presented in Fig.9.

Numerical simulations show that the energy distribution of fusion product affects weakly on the pitch distribution
of the flux. As an example, calculated pitch distributions are presented in Fig.10 for the cases of monoenergetic and
‘Gauss’-like of the fusion product energy distribution. It is caused mainly by weak dependence of the critical value of
pitch for ‘the widest banana’ orbit on energy (see Fig.4).

1.0- 41 :
2 g Mo —— E; iiz ' .
2 % We=0.9 MeV - & 3 °
g | T ——T=10keV  E ] 2%
8 064 [7) =0.75 -g Q%
X 5 2] g
= ] © ] g K
g 0.4+ § ] @5555
o E T 1 [u) [sQ=]=lslsls! %
z 1] T _
0.2 ] ° monoenergetic source
] < 'Gauss' source, T=7 keV
0.0 0 +r—rrrr e
05 06 07 08 09 10 1.1 12 13 14 15 0O 10 20 30 40 50 60 70 80 90
Energy, MelV Pitch angle
Fig.9. Energy spectra of the fusion product triton source for Fig.10. Lost triton flux profile for different forms of the source
plasma temperatures T ={1,7,10} kel . term.

In conclusion, we would like to summarize main results of the presented study. The earlier developed approach for
poloidal distribution of prompt losses of CFP is extended to calculate pitch-angle and velocity distributions of the lost
ions. The numerical code for simulation of the first orbit losses of CFP is developed for axisymmetric magnetic
configuration of tokamak taking into account non-circular flux surfaces. Smooth axially symmetric 2D wall is assumed
I this model. Cross-check of the newly upgraded approach against full orbit calculations shows good agreement.

Drift orbit topology analysis in this configuration is provided in order to define the ‘Loss domain’ in constants of
motion space. The approach used in this paper gives an opportunity to decrease calculation efforts for simulating the
experimental data from scintillator probe, or other point probe. It is shown that the energy spectrum of the charged
fusion product weakly affects the lost particles flux profile versus pitch. Results of the test numerical simulation agree
with earlier conducted calculations [3-5] and experimental data [14].
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