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APPROXIMATION OF EXACT MASSIVE SOLENOID PROFILE FOR GENERATING
PULSED MAGNETIC FIELD
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Approximation of exact massive single-turn solenoid profile for generating given magnetic field distribution on the
surface of long coaxial conductive cylinder by polygon is proposed and validated. The accuracy of the method for
determining the exact profile based on using the Green function is confirmed by solution of the integral equation for
surface current density in ideal surface effect approximation. Errors of the induction distribution due to using
approximate profile solenoids and external inductance of solenoid-cylinder system are calculated. Influence on these
values of number polygon sides on the profile main part and external surface solenoid radius is investigated.
References 7, figures 4.
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Introduction. The profile of massive solenoid for generating given distribution of strong pulsed
magnetic field can be found by solving the inverse problem for magnetic flux from boundary surface (we
shall call such profile and its contour exact) [4, 7]. Magnetic field lines are used to find main part of profile
which faces boundary surface. Its peripheral parts are approximated by straight line or curvilinear segments
[3]. The rest part of contour is completed according to constructive ideas. Such solenoid has rather
complicated form, that makes it hard to manufacture. Objective is approximation of exact profile main part
and estimation of errors connected with this approximation.

1 Validation of the solenoid exact profile. Let the exact profile
of massive single-turn solenoid / for generating given magnetic
induction distribution B (curve 3) on cylindrical surface 2 with ideal skin
effect approximation is found by method [4], based on solution of the

A problem of the magnetic field continuation from cylindrical surface by
. o using two ring conductors with currents / and Green’s function (fig. 1,
location of the ring conductors is shown by points). Designations:
B* =2nRB/([w), z* =z/R, z — axial cylindrical coordinate, R — cylinder

radius, [y — magnetic constant, /; — current in the solenoid. Notice, that
curve 3 is close to curve 5 from [4, p. 12, fig. 3], which has been
calculated using another baseline magnetic flux compared to accepted in
this paper.

To calculate magnetic induction distribution on cylinder surface
and current density in the solenoid with ideal skin-effect approximation
numerical solution of the integral equation is used [5]
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Fig. 1

where 7 is the surface current density, P, M is the observation point and point with current coordinates, P,

Mel, =], + b, [ is the total contour, /; is the solenoid profile contour, /, is the generatrix of the cylinder, di,,
is the an element of total contour, rp, 7, is the radial coordinates of P and M respectively,
K(P,M)=(2/k—k)K(k) — (2/k)E(k) [6, p. 304], K(k), E(k) is the first and second kind complete elliptic integrals
of module &, @, is the magnetic flux on the solenoid surface, constant.

In the right-hand side of equation (1) for solenoid with exact profile magnetic flux
D=D,=1,22873 R, I=21. Magnetic induction on cylinder surface is found from
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B(M) =—pon(M), )
using solution of equation (1). Equation (2) is consequence of boundary condition on interface between ideal
conductor and nonconducting nonmagnetic medium [7]. There is minus in right-hand side (2) because if
®y>0 for M €/, then values 7 (M)<0 and B(M)>0 (fig. 1, curve 3).

/-'— S8 Calculations executed by (1) and (2) show that magnetic induction
7 & % distribution B on cylinder surface for exact profile differs from given
Ar ) distribution (fig. 1, curve 3) by value, which less than one percent. It
/ | confirms correctness of the exact profile and the method [4].
R, / L Approximation of solenoid exact profile. Exact profile of
B, ENF =T solenoid is approximated by polygon with # sides and corners (fig. 2, b, R,
C1D — length and radius of solenoid outer cylindrical surface; contour of exact
0 B, ; - profile is shown by thin line). Main part of exact profile contour
4 32 - U” 1 l & E%D 2 corresponds to polygonal chain BCDEFGHI of seven (n = 10) or BCDEF
. of four (n =7) segments of polygon closed boundary. Let the rest part of
/ b \ profile slightly affects boundary distribution of magnetic field and its
A —f;-"' %G contour is approximated by three line segments with two right angles in
both cases. Evidently profiles depicted in fig. 2 make design and
R f / v manufacture much easier.
' B{ 5 To solve (1) for solenoid with approximated profile value @, is
C & obtained by following condition of constant current /; with profile
0 (& ) variation. This leads to obvious formula
4 -3 -2 -1 n”=|72 3 4 52 CDOZ(DeLn/Le’ (3)
Fig. 2

where L., L, is the inductance of solenoid-cylinder system for solenoids
with exact and approximated profiles.
Dimensional and dimensionless (L.*, L,*) inductances are

L
Lo, =®/I,, i, ==""=omay/IF. 5)
HoR
where ®¢* = @o/(LoR L), for exact profile ®y* = d* = 1,22873,
* %
I =§ndly, I3 =§n" (M)dly. 6.7)

h h
In equation (7) n*(M) = 2nRn\(M)/1;, div* = dlw/R, [* =nl;/I. Next relations are valid for solenoid
with exact profile

e =Pe. ®)

Results of calculations L.*,

* * %
Profile IR RJR | L* L L /L, I L,*, Lf, /L, and [* for exact and
D=0, | ®,—(3) | approximated profiles are presented
6.28319 in table (A, — minimum gap between
Exact 0,6000 | 7,2432 | 1,22873 - - . ;
xae ’ ’ ’ 6,28467 the solenoid and the cylinder). Here

6 1,22444 | 0,99651 | 6,30522 | 6,28321 | and in further calculations b = 5,7R,
POlngn 0,6532 5 1,23206 1,00271 6,26624 6,28322 length Of Cylinder generatrix equals

n=10 4 1,24440 | 1,01275 | 6,20409 | 6,28320 | 16R. For each profile after numerical
3,3083 | 1,26062 | 1,02595 | 6,12426 | 6,28318 | (,lution of integral equation (1) two

values of [* are calculated by (7):
0,5032 5 1,20145 | 0,9778 | 6,42585 | 6,28320 | first — dy=D, (value for exact
profile is in denominator, theoretical

Polygon
n=7

value which equals 27 according to
(8) is in numerator); second — @, is obtained by (3). Notice, that ®, doesn’t affect L., L, because of linearity
of equation. They depend only on shape and sizes of system conductors. If n =7, inductance L,* is
somewhat less and @, = ®,, current [;* will be higher than with n» =10 and R, = 5R. This can be explained
by decrease in A;. For profile n =10 inductance is some decreased (~ to 2,6%) with decreasing R, to
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minimum — radial coordinate of point / on shape (fig. 2). Accordingly, current /;* is decreased with @, = @,
due to current redistribution in solenoid. This data shows that approximation of profile main part by several
line segments and almost halving of radius R, slightly affect external inductance of solenoid-cylinder system.

Distributions of magnetic induction generated by solenoids with approximated profiles on cylinder
surface with (3) and their relative differences & from given distribution are shown in fig. 3 (R, = 5R; for
curves I, 3—n=10, 2, 4—n="T). Here and in fig. 4 solenoid butts are shown by dotted lines.

First of all, we note that condition (3) is satisfied for all approximated profiles with absolute error
~10” compared to the exact profile (last column in the table). We see that obtained distributions are
L B*(R, z%) sufficiently smooth despite polygonal shape of the solenoids. With

n =10 relative differences don’t exceed couple percent on major
part of the cylinder. The maximum ¢& is located near the maximum
of magnetic induction and slightly exceeds four percent. For
solenoid with n =7 relative differences are significantly increased
to eight percent in the area of magnetic induction maximum and on
the right-hand side of distribution. In both cases it can be explained
by decrease in approximation accuracy of exact profile’s main part.
- —— Increase and decrease in maximum induction are related with
TV L LR FRET variation of 4, (table) which leads to amplification (particularly,
under point C with n =7, fig. 2 ) or attenuation of proximity effect
[1, 6].

In fig. 4 relative differences £ of obtained magnetic
induction distributions from given distribution (fig. 1, curve 3) are
shown for approximated profile » = 10 and variation of R, (curve /
- R,/R=6; 2—-4; 3-3,3083). On part of cylinder generatrix
located under the solenoid for all R, (see also curve 3, fig. 3) &
doesn’t exceed few percent, but outside it rises to ten and more
percent with decrease in R,. However magnetic induction B*(R,z*)
is small in the area of increasing of &, which can be explained by
current redistribution in the solenoid.

Conclusions. 1. Relative differences between given
distribution and distributions obtained with approximated profile
solenoids are decreased with increasing approximation accuracy of
profile’s main part, which faces the cylinder. The differences don’t
exceed a few percent with main part approximated by polygonal
chain of seven line segments.

2. Shape and sizes of the profile rest part, which
complements main part, slightly affect boundary induction
distribution and external inductance of solenoid-cylinder system,

-10 that can be used for solenoid construction approximation.
5-4-32-101234 567z 3. Taking into account previous conclusion to determine
Fig. 4 solenoid profile from magnetic field continuation problem,
magnetic field line segments, which make up contour of profile main part, is enough. This reduces amount of
work needed for the computations and increases the possibility to employ different methods.
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VIIK 621.3
AMMPOKCUMAIISI TOYHOTO MTPOPLIFO MACUBHOT'O COJIEHOIIA 111 CTBOPEHHSI
IMITYJIbCHOT'O MATHITHOT'O TOJIS
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3anpononosano ma 0OTPYHMOBAHO ANPOKCUMAYIIO MOYHO20 RPOQIN0 MACUBHO20 OOHOBUMKOB020 CONEHOIOA, WO
3abe3neuye 3a0anuli po3nooin iHOYKYii MAeHIMHO20 NOJISL HA NOBEPXHI 0082020 CRIBBICHO20 YUNIHOPA, MHOLOKYMHUKOM.
Pose’azkom inmeepanvHoco pigHAHHA 0Nl NOBEPXHEBOI 2YCMUHU CMPYMY 8 HAOIUNCEHHI i0eanbH020 NOBEPXHE8020
ehexmy niomeepodicena NPAUIbHICHbL Memody UHAYEHHST MOYH020 npoino 3a donomozoio gyukyii I pina. O6-
yycneni noxXubKu po3nooiny iHOYKYii, Wo CMBOPIOEMbCA CONEHOIOaMU anpoKCUMOBAHO20 NPOQINIo, MA 308HIUIHA THOVK-
MUBHICMb CUCIEMU COACHOLO-YUTIHOP Y 3ANIeAHCHOCMIE GI0 YUCIA CMOPIH MHO2OKYMHUKA HA 20JI08HIU YACMUHI KOHMYpPA
i padiyca 3068HiuHbOI nogepxui conenoioa. biobn. 7, puc. 4.

Knrwowuoei cnosa: imnynbcHe MarHiTHe nose, npodijb MACUBHOTO COJICHOI/A, ifiealbHIN MOBEPXHEBUHN e(eKT, TOBepX-
HeBa I'yCTHUHA CTPYMY, IHAYKTUBHICTh CUCTEMH COJIEHOIA-IIMIIIHIP.
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Ipeonosicena u 060CHOBAHA ANNPOKCUMAYUS TMOUHOLO NPOPUISL MACCUBHO20 OOHOBUMKOB020 COAEHOUOd, obecneyu-
sarouezo 3a0anHoe pacnpedeienue UHOYKYUU UMNYIbCHO20 MACHUMHO20 NOJIL HA NOBEPXHOCMU COOCHO20 OJUHHO2O0
nPoB0OAWe20 YUIUHOPA, MHO20Y20NbHUKOM. Peuienuem uHmeepanbHo2o ypagHeHus O NOGEPXHOCMHOU NIOMHOCMU
MoKa 8 NPUOIUINCEHUU UOATIbHO2O NOBEPXHOCMHO20 Ihpekma noomeepicoeHa NPasuibHOCHb Memooa onpeoeieHus
mouHo2o npoghuns npu nomowu gyuryuu I puna. Beruucienvr noepewnocmu pacnpedeieruss UHOYKYUU, NOIYYAEMOl
npU ROMOWU CONEHOUNO8 ANNPOKCUMUPOBAHHO20 RPOPUIISL, U BHEUIHSISE UHOYKIMUGHOCHb CUCTHEMbL COJIEHOUO-YUTUHOD 6
3A6UCUMOCIU OM YUCAA CHOPOH MHO20Y20IbHUKA HA 2NAGHOU YaCmu KOHMypa npouis u paouyca eHewHel noeepx-
Hocmu coneHouoa. bubmn. 7, puc. 4.

Knrouegvle cnosa: uMnynbCHOE MarHUTHOE 10Jie, MPOGHIb MACCUBHOTO COJICHOM/IA, MJIabHBIN MOBEPXHOCTHBIN (-
(hexT, HOBEpXHOCTHAS IJIOTHOCTh TOKA, HHAYKTHBHOCTh CUCTEMbI COJICHOUI-LIMITHH/IP.
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