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PNPI - NRCKI
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Y @ dd fusion reactions (o) Fusion
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2H + 2H — “He +~ + 23.84 MeV
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w @ Applied physics

PNPI - NRC KI
I st generation:
d+t — “He + n (17.6 MeV /107 keV)

2nd generation:

e <:Q>+p (4 MeV)

(3.3 MeV)

/ ’ .

n + Lj- . — “He +@(4.8 MeV)
Sy

f,,’
-

Y-, "
d+t — “%He + n (17.6 MeV /107 keV)

4

d + 3He —> “He + p (18.3 MeV /430 keV)

3rd generation:

d + 3He —> “He + p (18.3 MeV /430 keV)

SEOI;Fusion
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\v @ Polarization advantages j{ﬁo“ﬁmon

PNPI - NRC KI

1. Cross sections increasement
2. Focussing of the neutrons
3. Suppresion of the neutron channel Total cross section

»t Factor 1.5

1 Factor 1.0

e

unpolarized

\/ Factor 0.5

| | | | | |
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Scattering angle, °

3I—Ie(d, p)a Exp.: Ch. Leemann et al., Helv. Phys. Acta 44, 141 (1971)

Relative changes of the diff. cross section

t(d, 'n,)a Theor.: G. Hupin et al., Nature Com. 10, 321(2019)
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U @ Quintet Suppression Factor (QSF) ,QEFU“O“

PNPI - NRCKI
01,1
QSF = ——
00
3’5'I'l'l'l'l'l_'l‘_l'l'
#— T-matrix an. Lemaitre 1993 (p)
sk a3 —a— T-matrix an. Lemaitre 1993 (n)
3.0 D(d,p) H # - R-matrix an. Hale and Doolen 1984 (p)
= 6 a’ 3H - @ - R-matrix an. Hale and Doolen 1984 (n)
_ 1] 9 ! n Iy (d,n) He - A RRGM Hofmann and Fick 1984/
00 = 9 01,1 01,0 T 00,0 01,-1| & R-matrix and Hale et al. 1983 (p)
N——— N—— ~~ -~ =25 |- DWBA Zhang et al. 1999 (n) -

A
Quintet Triplet Singlet - part-wave an. Zhang et al. 1999 (p)
o % # 4-body Faddeev, Uzu et al. 2002 (p)
®  4-body Faddeev, Uzu et al. 1999(p)
% % Deltuva and Fonseca,

Phys. Rev. C 81 (2010)
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H. Paetz gen. Schieck Eur. Phys. J. A 44, (2010) 321; D gy ()

H. Paetz gen. Schieck Nuclear physics with polarized particles (Springer Verlag, Berlin, 2012);
H. Paetz gen. Schieck Few-Body Syst. 54 (2013) 2159;

Gerald G. Ohlsen, Rep. Prog. Phys. 35, 717 (1972)
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PNPI - NRC KI

eview of experiments

Experiment | Observable
Lo C.. C,
7(d.p) Cuvee Cy e

2 3

H(djn) He Cy,a:z sz,atz

2H(d, )3 H

SEOI;Fusion

o0, $) = 0(6) (1 +2PEAL(0) +3_PLAL(O) +35 PIPLCk(0) )

puo (6, ¢) = oo(6) (Pr(6) +2p; KY (9))
p-channel

s PO FUSION n-channel

Kmr Ky/ Kz; [ | Imig A. t,t' al., Phys. Rev. C 73, 02'4.&[)01 (2(.][)6)
9 7 a3 Y Y Tz 0 Katabuchi T. et al., Phys. Rev. C 64, 047601 (2001)
H(d,n)’He
2H d_' 3H Ay [] [ ] B [ | Tagishi Y. et al., Nucl. Instrum. Methods Phys. Res. A 402, 436 (1998)
( B p) A A ] [} O 0 Fletcher K. A. et al., Phys. Rev. C 49, 2305 (1994)
- Tz zz ik e Rev (1 — .
QH(d, ’I'L)3H€ A A 0 ] [ ] Tagishi Y. et al., Phys. Rev. C 46, R1155 (1992)
xz—Ayy ] Becker B. et al., Few-Body Syst. 13, 19 (1992)
- Behof AL F., May T. H., McGarry W. L., Nucl. Phys. A108, 250 (1968)
QH(d, ]jng o y’ z, I Haegnsgen H., et al., Nuel. Phys. 73, 417 (1965)
P py P I B B Rogers J. T. and Bond C. D., Nuclear Physics 53 (1964) 297
g (d, ﬁ)3 He n Kane P. P., Nuclear Physics 10 (1959) 429
'R NN Brown R. E. and N. Jarmie, Phys. Rev. C 41, 1391 (1990)
> 1< 55 . ot al., Nucl. Phys. A465, 150 (1957)
QH(d’ p)3H do- - Theus R. B., W. I McGarry, and L. A. Beach, Nucl. Phys. 80, 273 (1966)
QH d 3H o0 — e \cNeill K. G., Phil. Mag. 46 (1955) 800; Arnold W. R. et aL, Phys. Rev. 93 (1954) 483
( s n) € dQ ] Moffat J., D. Roaf and J. H. Sanders, Proc. Roy. Soc. A212 (1952) 220
=~ <y ze] W, A, and W. Whaling, Phys. Rev. 88 (1952) 1149
l * . l Bretscher E., A. P. French and F. G. P. Seidl, Phys. Rev. 73 (1948) 815
.
Ll
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w @ po FUSION @ofrusion
PNPI - NRC KI
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PNPI - NRC KI
4m-detector
atomic beam
D, 0.01 eV

with PIN diodes
4-10'® atoms/s

s . ’
: university of
/ groningen

POLIS, ion beam

d, 10-75 keV
1.2:10% atoms/s &4 Sa .
>15 pA @) JULICH
Forschungszentrum

Nuclear reaction polarimeter
and
Lamb shift polarimeter
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4 Ngq POLarized Ion Source (POLIS)  @rusin
— 0 Pz - -

(vector) (tensor) % :gll{g;?gggsz of

+2/3 0
0 +1
0 -2
-1/3 +1
+1/3 +1
*1/3 -1/2 ion beam
s d, 10-75 keV
1.2:10%® atoms/s
0.5m /\ 515 pA
> dnozzle =1.3 mm
\/ S Tnozzle =65K

RF oer = 200-250 W

Polarizer:
Sextupoles + WFT + Sextupoles + WFT + SFT1 (460 MHz) +SFT2 (350 MHZ]
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PNPI - NRC KI
Pz Pzz
(vector) (tensor)

-2/3 0

0 +1
-1/3 +1

-1 +1
+1/2 -1/2

atomic beam  dpgzzle =2 mm

ﬁ, 0.01 eV Tnozzle =84 K

2:10'° atoms/s RFpower =300 W

Y @ Atomic Beam Source (ABS)
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0.5m

Polarizing system:
Sextupoles + Quadrupoles + MFT + Sextupoles + MFT

SEOI;Fusion
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¢ @ 4m-detector @Sion

PNPI - NRC KI
[P0 0 |
wey 51% effective coverage
PNPI - NRC KI
576 PIN diodes

Hamamatsu S3508-09
can detect 0.2 - 4 MeV
charged particles

with energy resolution
<50 keV

10 ns accuracy of recording
the time of signal

typical signal:

30
Number of ADC samples
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@ Lamb Shift Polarimeter

(LSP)
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SEOI;Fusion
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PNPI - NRC KI

uclear Reaction Polarimeter (NRP)

SEOI;Fusion

y
A
L-R _ 3Pzsinp Ay \\y @ .
L+R 1+ 3Pz z[sin® BAy, + cos? BA..] A o S
U—D PZZ sin }3 cos B A.l'.‘: PNPI - NRC KI .' i Z | (spin quantization axis)
U+D ~ 1+ LPszlsin® BA,, + cos? BA,.] A b o
Q(L B R) %PZ s Ay . 7 (beam direction)
L+R+U+D 1+ 1Pzz[3(cos? 5 — 1)A..]
2(U - D) _ Pzzsinf3 cos B A,
L+R+U+D 1+1Psy[3 (cos B —1)A.]
(L+R)—(U+D)  —iPzzsin’B (A — Ay)
L+R+U+D  1+1iP;;3(cos?B—1)A.]

G.G Ohlsen, P.W. Keaton, Jr.,

Nucl. Instr. and Meth. 109, 41 (1973).

a5 2l'l( . 2H(d ny'He
0 '\
0.5
-1
| ¥ § SUPENBEEIDO S DUinl: S GOt ST =0°
o feokev ;mw P l PIN diodes ¢=0
0.5 i A\
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é osig‘,‘ —
0.5 /\ , ,/r\\
A F A ©=270°
[ 1 I I S
0 2“7\\ %l‘lr\' \\._ (L]
05} | \
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K. Fletcher, et al., Phys. Rev. C 49, 2305 (1994). \
©=180°
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PNPI - NRC KI

b ‘ 3’
L) @ Asymmetries SEol Fusion

Y(Ba ¢»)=1L- 0'(99 05)
7 (0, $) = 70(0) (1 +2p}A%(0) +3_P5AL(0) +523_ pipLCin(0))

Gerald G. Ohlsen, Rep. Prog. Phys. 35, 717 (1972)

polarization sign as subscript: (L POLIS, AB S)

Lyy=L_,=L,_=1L__

’ Yo+t Y, Y Y

’ Yo+ Yy Y Y _

b,t _ (Y 4+Y ) —(Y 4 +Yy )
A (93 qb) — Y, +Y, +Y_ L 4+Y

22.09.2021 lvan Solovyev 13



4]
\7
PNPI - NRC KI

@ Cz zand sz ZZ

SEOI;Fusion

o(0, ¢) =00(6) [1 + 3

Bb

Al _(0) + %ptzzAt

:Bt:OO:

sPzz

zz(g) _|_ %p%p.tZCZ,Z(B) _|_ ip%ZptZZCZZ,ZZ(B)]

b _ 2|p%2|A2.(0) : _ 2|p%z|AL.(6)
aq (07 ¢) - 4+gcz’z 02‘ (9’ ¢) - 4_I_gcz,z
aqb’t(g, ¢) — glp%HptZICzsz(e)
z 4+2p%ZAgz (6)+2ptZZA§z (9)+p%ZptZZsz,zz (9)
b t
C
A%L(0, ¢) = Pzz||Pz2|Czz,22
2709 9) = 4 ¥olpt |l |C. s
b ot — 2 b —pt =41
Pz = Pz 3 Pz =Pz 3
Pz =P, =0 P, =pt, ==+1
az\bat(g ¢) —C C,Z\b’t (9 ®) = M
Z ’ — z,z ZZ\7) 4+Cz,z
b 2A%_(8)
anZ(97 (lb) 4_|_gcz .
2At (6
Oqtzz(eﬂ Qb) 4—|—9(7(z Z
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@ Test runs

PNPI - NRC KI

2015

SEOI;Fusion

= deuterated
- Target:
60 polymethyl methacrylate
5";_ Density: ~10'7 atom/cm?
42 = i2g)
3 of Beam: 15keV ~5pA Sy
20;_ Period: ~3h
10—
00: 1000 1500 2000 2500 = l30|0.0l - .35100| = ‘40100 Purpose: evaluatlng the Slgnal quallty
Channel number ADC calibration
2019
180= Target: heavy water vapor
1603— .
1405— Density: ~1012 atom/cmz
120?—
8. E Beam: 10 keV ~10pA
= 100—
= B
© so—
S JE Period: ~200 h
3 Purpose:  simulation of the ABS
20—
- evaluation of cosmic background, form
’ " channel number 3000 and sources of electronic background
ABS beam density: 2.7-10'! atom/cm? at 4-10'° atom/s
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w @ Test run 2020 Q{Fusion

PNPI - NRC KI

W T D.S. Leonard et al., Phys. Rev. C 73, 045801 (2006).
---------- Side Y, or (2) ol L L A L B
I “x 5 )
,,,,,, 0 s “H(d.p) *
L - *
- 8 1 x i
I : ‘/!;‘\' 70 :E: F e
Side Z, Of‘(f‘{ég "u? § 6L ,1' ; > |
| ,@::::-;;_.:_.:_.:__-_ ;;; 2 sl e 7
11 ______,.-.:-. ---- m z s L * Presentdata |
a P — Legendre fit, 3 "= 1.05
‘5?'7"-‘, ------- SO 1/ % T30 60 %0 10 10 80
;Ai‘,.-"'ﬁ,'-- [T ] '.". : 0 ;9/ SkeZ,or(B) 8, (deg)
Side X‘.or-(U) I 3 2
T 99% 350 — He ¥
Y [ 1 Teo v_»'iss',%sg 7'-_050 -
ene® gt S 300— 25 keV 0=2.75 rad
- — 0
3t 250— (157 )
e il 30+
. p v _E H
5 ' ¥ 200
. e BP0 Pl 2.03rad
Q L —
s = S 150 (116°)
=S¢ —
BO 45 _
: & o 100} 1.85 rad
[Sa) r . —
17_ . LI . 50} (1060)
T 3pya2+ e -
- “He e =
05 | | - l' ‘ 0_ [ el el e R [
e Sy . 1500 2000 2500 3000
0, rad
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Ey @ Plans @sion

PNPI - NRC KI

2022

Commissioning LSP
« Tuning POLIS RF units

- Test run with a polarized ion beam from POLIS and the vapor
target

« Run with a polarized ion beam from POLIS and unpolarized
atomic beam from the ABS

2023."

Manufacturing and assembling the cosmic ray detection system
« Commissioning Glavish ionizer
 Tuning ABS RF units
«  Commissioning NRP

« Run with a polarized ion beam from POLIS and polarized atomic
beam from the ABS

22.09.2021 Ilvan Solovyev 17
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PNPI - NRCKI

N . . |
U @ Cosmic ray detection system EO”‘JSIOH

MPPC S13360/S13362 series
(Hamamatsu)

waveshifter
/

¥

" SiPM

scintillator

22.09.2021 lvan Solovyev 19


https://www.hamamatsu.com/eu/en/product/optical-sensors/mppc/mppc_mppc-array/index.html

b |
\J @ KoopaAnHaATHbIE CUCTEMBI @‘”mn

PNPI - NRC KI

Basel convention (196 1 ): Huber, P., Meyer, K.P. (eds.): Proceedings of the International Omnucanue HOJIApU3aLH
Symposium on Polarization Phenomena of Nucleons. Helv. Phys. Acta Suppl. VI. Birkhéduser (Q)HKCI’IpOBaHHaH B ITIPOCTPAHCTBC
Madison convention (1971): Barschall, H.H.,

Haeberli, W. (eds.): Proceedings of the 3rd International
Symposium on Polarization Phenomena in Nuclear Reactions.
University of Wisconsin Press

KOOpJIMHATHAs CUCTEMA)

AY

X
E - MOMEHT MMITYJIbCa
1TV HaneTaromien YacTHUIIbI
—
k - MOMEHT UMITYJIbCa
out

BbLIETAIOIIEH YacT HIIbI

w

b Srt
. - OCH KBAHTOBaAHUA
nyqKa U MUILICHH

Koo JHHATHAA CUCTEMA - —
p y(kin X kout)
pEaKIuu A

—

kout

0
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L] .
o @ OnddpepeHumnanbHoe cevyeHune @omum

PNPI - NRC KI

o (0, @) = 70(0) (1 + S5y BLALO) + Xg_, BLAL(0) + X5y Yy PLPLCsk(0) )
pra(8, ) = 0o(0) (Pr(0) + X5_, iKY (0))

3
Epm ~ 0

Pe = 3Py=
3
2Py B )

P71 = 3Pz«
3
§pz

— 1

P8 = 3Pyy
§pmy ~

P9 = 3Pz=z
§pwz -

22.09.2021
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v @
- Glavish ionizer

Magnets
(1000G)

Extractor and
focusing

Ionizer cell

SEOI;Fusion

Cathode
rF ilament lonization column \ z
1 2 3 4 y
T 14 B ,q “sim ] P~ =N E 3 E =N =} I‘amnl‘lms‘ B~ ":ra' ~1 =
nimh I ES S -5, e
= -
I
kv 5 i . i i
.......................... ()V‘ . ' ;' ! | E | ‘I i
I' i ! ; If i i | 1
S50V IEV) 7,8,9 10 11 /12
S t o va2kv)
. 300 - 500 V ./ -
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Qy @ Dete_ctor system. PIN diodes &%sion
PNPI-NRCKI \/er<inn
- /\ e 4-1 detector with 51% filling

.‘ e 576 Hamamatsu PIN-diodes (53590-09)

V e PIN-diode active area: 1 cm?

e depleted layer: 300 um
e energy resolution: <50keV
e low reverse voltage (<=50V)

.7

Square detector elements (4x4 diodes)
Standard PCB assembly with
spring through-hole mounting (no solder!)

\/
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i @ j’

V7 I ol)Fusion
N o Readout electronics @
Readout requirements: CSP from ATLAS CSC [BNL]
d 600 channels Junnarkar et al. IEEE Nuclear

 Total count rate < 1kHz
 Standard interface (Ethernet?)
 Event synchronization for coincidence trigger

Science Symposium Conference

Record (2005)
“. \

ASF-48 count rate up to 50 kHz

48 channel Waveform digitizer (WFD) Concentrator
petector I/ \ P FPGA K FPGA

2x24-channel CSP 6 x 8-channel |
Charge pipeline ADC Field-
Sensitive 12 bit, 66MHz programmable

ifi ate arra
Ereampllfler _(wav%form dig)gtizer)

Self-triggered WFD

Shaper 12 bit resolution

22.09.2021 lvan Solovyev
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!l} @ Magnet system @sion

PNPI - NRCKI

B =300G = 2.5 B,
Magnet field is
generated by 24 permanent
magnets with dimensions
80x40x10 mm3 with pole tip
field of 1.25 T at the surface
(NdFeB N40)

!

Btotal
~— | T~ Btransverse

Magnetic field, G

————]
—

o.\\ - s mm— E—ASN - j

-150 -100 -50 0 50 100 150
Axis coordinate, mm
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w @ LSP principle

PNPI - NRC KI

ol)Fusion

g
a 1107 3
Eﬁ 2000 10x10°° 1x10°2
) . 3
£ 5x10°° %107 3
&0 ]
£ 1x107* 3
5 1500 1x10° ]
: ]
g o[s] 5%107 o 1073
2812700 K 1107 3
1107 4 1x10-7
Lamb shift 5X107 3 110" 3
500 ]
1058 MHz 110 1 1X107 3
0 20 40 60 80 100 1%10710
2p 0 0102 061 2 46102040 100
12 B [wTa] Hanpsxénnocts
f L 17 — @, 0, 0 Ba: Bs: Bs aeKTpHYeckoro nost [B/em]
20 40 60 80
Magnetic field (mT)
200
L oIs0f f\‘ State B.rit(mT) AW (MHz)
s e I 1512 1.7 327 |
= a0 Afo b 2P 05 14
g 120 = 1600 | | 2812 15 41 bt
E 100f A fo R oA
g wor ,I B ey g
E e0| ‘ = EET
: 5
2 7 5MT/ \ 605MT = =%
20 e - -
?605 1.606 1. 607 1.608  1.609 l 61(} 1 611 1. 6177 I(;l} 1.614
Yacrora, I'T'u |
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¢ @ Polarization determination by NRP @ Fusion

PNPI - NRC KI

3
(6, 6) = 00(1 + 5Pz Ay(0) cos 6sin  — Pzz Aq.(0) sin f cos fsin &

. EPZZ(A”(O) — Ayy(8)) sin? B cos 26 + %PZZA::(Q)(B cos? B — 1)).
G.G Ohlsen, P.W. Keaton, Jr., Nucl. Instr. and Meth. 109, 41 (1973).
o = oo(l+5PzA(0)sinf+ %Pzz{Ayy(S) sin? 8 + A, cos® ),
or = oo(l— gPZAy(E) sin 3 + %sz{Ayy(ﬁ) sin B 4+ A.. cos? 5)),
L x o oy = o0o(1+4 PyzzA,..(0)sinBcos B+ %PZZ(AM{Q} sin? 3+ A,, cos? ),
R o og , 1 Y 5
op = o0o(l+ PzzA..(0)sinf+ -Pzz(A,y(0) sin” feos 3+ A, cos” 3)).
U x op 2
D x op. (= L—R _ ﬁPZ sin (4 A,
L+R 1+ %Pzz[smz BAyy + cos? fA;:]
_U-D Pyrsinf3 cos 3A,.
p _ Lpolarized “? = U+D ™ 1+ L1PszSn? A, + cos? BA,,]
) Ru-npaiarized B 2(L — R) %Pz sin 3 A,
) ® T LXR+U+D  1+1PyB(cos2f—1)A]
5 ) e, = 2(U — D) _ Pzzsin 3 cos 3 A,
a7 OCB KBAaHTOBAHHS L+R+U+D 1+ %PZZ [3((:052 B —1)A..]
[ B o = LAR-(U+D) _ —1Pzzsi0’f (Aus = Ay)
" HampaBlIeHHE TyYKa L+R+U+D 1+ %PZZ['?'(CDSZ.L% —1)A..]
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w @ Different signals @m“

PNPI - NRC KI

22005 2250;
2150 2200
2100 2150F
2050E F
2000E 2100k
1950E 2050F
1900 3
1850E 2000E
2300F 2250F
2250F 2200E
2200F 2150F
2150F 2100
21008 2050
2050F E
2000F 2000E
1950 1950F
1900 1900
1850 . . + + + + 1 1850E
2220

2210 2200

2200

2190 1 290 2150

2180

2170 2100

2150 2050

2140} " " 4 " 4 1 2000}
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le @ Heavy water vapor target Bolmion

PNPI - NRCKI
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I @ >veprus npoaykTos peakumnn ot yrna ﬂjﬁmon
PNPI-NRCKI_DACCESHUS]

3:_".” . . -
: e, )
25— :
/M - e
@ T
S o
<
~ -
S 1) ‘
i 311+
Q ,
I H ;
m 1= . p— i —
32t .
Ii\\lll\\\iI\\‘II\I.-I-II.I.\

| 0.5 1 ‘1.5I 2 2.5 3
6, pax

Ha ocHoe ¢popmya u3 [[LA.bopucos, P./I.Bacunbes, BD.llleBueHKO

KunemaTuyeckue TabJIMIbl SAePHbIX peakMK d,n ¥ p,n

M3paTesbCcTBO CTaHAApPTOB, MoCKBa 1974
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