ENERGY AND PITCH-ANGLE DISTRIBUTION OF THE PROMPT
LOSSES IN TOKAMAK WITH NON-CIRCULAR CROSS-SECTION

A.O. Moskvitinl, V.O. Yavorskij2’3, V.Ya. Goloborod ’k02’3, Yu.K. MoskvitinaM, 0. A. ShyshkinI
'V.N. Karazin Kharkov National University, Kharkov, Ukraine;
2 Institute for Nuclear Research, Ukrainian Academy of Sciences, Kiev, Ukraine;
I Association EURATOM-OEAW, Institute Jor Theoretical Physics, Innsbruck, Austria;
‘National Science Centre “Kharkov Physics and Technology Institute”, Kharkov, Ukraine
E-mail: Anton.Moskvitin@gmail.com

Technique of calculation the pitch-angle, energy and poloidal distributions of the flux of charged fusion products
lost to the first wall of axisymmetric tokamak due to first orbit loss mechanism is developed. Analytical model of
the magnetic field used in this study 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.
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INTRODUCTION

The first orbit (FO) loss is one of the conventional loss
mechanisms of the charged fusion product (CFP). There
are thorough review on theoretical study [1] and
experimental research activities [2] of this loss mechanism.
Analytical approaches for FO flux calculation were derived
in [1, 3]. It should be noted that these models were
provided for poloidal distributions of FO loss of CFPs in
tokamak with circular 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.

After the first experiments in TFTR [4], it became
obvious that FO losses can be decreased significantly due
to increasing the plasma current above 3MA.

Nevertheless, interest to these losses in this study is caused
by necessity to develop common approach for simulation
of FO loss signal in scintillator probe in order to
distinguish contributions from the studied processes and
from the FO losses. For example, the toroidal field ripple
induced losses were observed in addition to the
conventional FO losses of DD CFPs in JET [5].

Thus, the main aim of this study is to develop the
theoretical approach for simulation spatial and velocity
distributions of FO losses in order to model the
scintillator probe signal of pure FO losses. This
approach should cover variety of existing magnetic
configurations, the magnetic field model should be
flexible for predictive modeling, 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. Test particle
simulations were carried out using the same magnetic
configuration in order to provide a cross-check.

1. FLUX CALCULATION 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 [6]. Using this model, it is also
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possible to carry out test particle simulations using the
same numerical model of the magnetic configuration
[7]. 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(z)[1-A(p)eos(2)] > (2)

where R and Z represent the spatial variables of the
cylindrical coordinates {R,,Z}, p and y represent

variables of the new flux-like coordinates {p, ;(,(p},

A(p), k(p)., A(p) are flux surface parameters: the
Shafranov’s shift, the elongation parameter and the
triangularity parameter respectively, « is a flux surface
model parameter, R, is a vacuum vessel major radius,

Z _ is a Z coordinate of the magnetic axis. The

ax

coordinate o 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, 7,0} .
Commonly total flux of lost particles can be written as

rlos.v = J‘ Rﬁm (l‘, V)drdv s (3)
LD

where Rm(r,v) source of CFP particles; r, v —

radius vector and velocity vector respectively. The
integration domain “LD” (Loss Domain) is defined by
the 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.
Thus, the concrete set of four numbers defines only one
specific orbit. Certainly, it is true if the effect of
Coulomb collisions is neglected.
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Diagnostic techniques, such as a scintillator probe or
a Faraday cup, give a tip to choose the set of variables

in the following way {a, z,,&,,V}, where a, y, define
the position of the probe in the {p, ¥} coordinates, and
&,V describe the orbit parameters (pitch &=V, / V and
particle speed V', where V) is the parallel particle

velocity). Nevertheless, it is possible to derive the
alternative representation of the lost particle flux in the

terms of the variables {a, ,,&,.,V}

rloss = I Rfus \/EJa 2ﬂ-dpdla ZﬂVzdgadV (4)
LD

where /g Jacobian of coordinate system {p, 7,0},

J Jacobian of coordinates transition

o(p.x.&.V)/0(a, x,.&,,V) and it is supposed that
source of CFP particles R, (p,&,,V) 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, 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.

2. DRIFT ORBIT TOPOLOGY ANALYSIS

Taking into account the invariance of the magnetic

moment and the toroidal angular momentum, the
guiding center motion equations take the form

(1-&)R(p.x)=(1-&)R,. ©)

Y(p)+CER(p, 1) =Y, +CE,R,, (6)

where R, =R(a,7,), ¥,=¥(a) and C=mV/e.
These equations implicitly define particle trajectory
p(z.c,)
E(x.e,), where ¢, ={z,.&,.V}. Nevertheless, not

only y can be chosen as the independent parameter, it

and pitch-angle variation along orbit

is also possible to consider p or & as independent

variable.
In order to exclude the dependence on y the

equations (5) and (6) can be rewritten as
R(p.c,)=(B,+D;)/2C, ()
£(p)= (B: -D; )/ZA: ’ ®)
where 4, =¥(p)-¥(a)-CER,, B.=(1-£)R,C
and D, =,/B: +44; , these designations are made for

convenience reasons.
Under given orbit parameters {a,y,.<,.V}, it is

possible to reconstruct the guiding center trajectory for
particle with speed V7, which passes through point

{a, z,} with pitch &, . For this purpose, one can change
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p continuously and evaluate R from Eq. (7). Then
using R and p it is possible to derive y

;(zarccos{[R(p)—RO—A(p)}/p}. )

Finally, using Eq. (2) coordinate Z can be obtained.
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 [p,.,a], where

P 18 value of variable p at the point of intersection

of trajectory with equatorial midplane.
To find p,;, one can derive the equation

C2R2 (pmin ’Imin ) - A; (pmin ) + B§CR (pmin > Xmin ) = 0 ’(10)
where y_ . =0 for intersection point at the ‘low field
side’ and y . = for the ‘high field side’. Analysis of

the drift orbit topology in a axisymmetric magnetic
configuration is presented in [8, 9].

According to the provided drift orbit analysis it is
now possible to localize roots of the Eq. (10) and to

finish the definition of ‘Loss domain’ in {a, )(a,fa,V} .

Thus the expression (4) for the loss particle flux can be
written as

T © 1 a
T, =27 [dy,[av2zr’ [de2 [ dpR,, g/, (1)
- 0 -1 Pain
where \/§ can be derived using [6], and J, can be
derived using expressions (7) and (8).
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 {&,,V},

i.e. the signal from the certain channel of probe is in fact
proportional only to value of the integral over p in (11)

Thus for further study we will consider only
monoenergetic flux /(a, z,,£,,V ) of the lost particles at

point {a, 7,} with pitch and velocity {¢,,V'}

I= [ dpR,, (p.&.V g/, . (12)
Prmin

The expression for metric coefficient J, can be used

_asiny, 1+ 1
psiny 1-& J1+4/G*

where G=B,/A.. It is supposed integration along
orbit in Eq.(12). Thus, the variable y in Eq. (13) can be
derived using Eq. (9).

To provide numerical integration in Eq. (12) 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.(13) at
x=0 and y=x, which takes place for p=p_ .

(13)
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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, in order to
provide a cross-check. All parameters of magnetic
configuration were the same as used for Eq. (12).

The results of this calculation are demonstrated in
Figure. It is seen that distributions of both approaches
are in reasonable agreement. For this calculation the
source term was supposed monoenergetic.
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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 FO 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.

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. Results of the test numerical simulation agree

with earlier conducted calculations [1,3] and
experimental data [4, 5].
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PACHPEJEJIEHUSA IO SHEPTUM U MUTY-YIJIY IPSIMBIX JIPEV®OBBIX IIOTEPH

B TOKAMAKE C HEKPYT'JIBIM CEHEHUEM
A.A. Mockeumun, B.A. Asopckuit, B.A. I'onooopoovko, I0.K. Mockeumuna, O.A. IHuwikun

Pazpaboran meron s pacdera pacHpesieNeHHHd O MHUTY-YIIIy, SHEpIWd M MOJOMJAIBHOMY YIJIy IOTOKa
3apsOKEHHBIX IMPOAYKTOB CHHTE3a, TEPSIEMBIX HA IEPBOM CTEHKE OCECHMMETPUYHOIO TOKAaMaka BCIEACTBUE
MraoBeHHbIX ToTeps (MII). Mcmons3yemas B 3TOM HCCIECIOBAaHWM AHAINTHYECKAs MOJENb MAarHWTHOTO ITIOJIS
YUUTBHIBAaET MApPAHOBCKUH CIOBHT, SIUIMITHYHOCTH, TPEYTOIBHOCTh W ACHMMETPHIO «BEpX-HH3». Vcmonp3oBaHne
MIPOCTPAaHCTBA MHBAPHAHTOB ABMKEHHS AT BO3ZMOKHOCTh 3HAYNTEIBHO YMEHBIINTE BHIYHNCIUTEIbHBIC YCUIHS TIPH
MOJIEITMPOBAaHUU ITOTOKA TEPSIEMBIX YAaCTHIl B 33JaHHYIO TOUKY Ha IIEPBOW CTEHKE.

PO3IMO/ILJIN IO EHEPTTi TA MMITY-KYTY NPAMUX JPEU®OBUX BTPAT
B TOKAMAIII 3 HEKPYI'JIUM IIEPEPI3OM

A.O. Mockeimin, B.O. Aeopcovkuit, B.A. I'onobopoovko, FO.K. Mockeimina, O.0. Llluwkin

Po3pobireHo MeTo 00YHCIeHHs PO3MOIUNIB MO MITY-KYTY, €HEpTii Ta Mo0igaJbHOMY KYTY HOTOKY 3apslDKEHHX
MIPOIYKTIB CHUHTE3Y, SIKI BTPAYAIOTHCSl Ha MEPIIiN CTIHIII OCECHMETPUYHOTO TOKaMaKa BHACIHIZOK MHTTEBHX BTpaT
(MB). AmamiTiuHa MOAENb MAarHITHOTO TOJS, sIKa BHKOPHUCTOBYETHCS B IIbOMY JOCIHIJKEHHI, BPaxoBYE
madpaHiBChbKUHA 3CYB, ENINTHYHICTD, TPUKYTHICTH Ta aCHMETPII0 «BepX-HU3». BUKOpHUCTaHHS MPOCTOPY iHBapiaHTIB
PyXy Ia€ MOXJIMBICT 3HAYHO 3MEHIIUTH OOYMCIIOBANBbHI 3YCHIUIS TPH MOJAETIOBAHHI IMOTOKY YacTHHOK, IO
BTpadaroThCs, B 33JaHy TOYKY HA MEPIIiil CTIHII.
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