Stories from inside a magnet: .

solenoidal spectrometers %%
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Solar system abundances of heavy elements

Beyond Fe, Ni = neutron-capture reactions

* s-process (slow neutron-capture process) e Y B . LS L R L L PR R
* r-process (rapid neutron-capture process) 1.00}— !
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C. Sneden, J.J. Cowan, Science 299, 70 (2003)
C.J. Horowitz et al., JPG 46, 083001 (2019)  closed neutron shell
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Studies on fission of neutron-rich nucleij

Stable isotopes

Spontaneous - A

fission ﬁﬁ -
A .‘_.

Proton number

rapid neutron capture \
photodisintegratio

Fission

“Fission
recycling”

=0 :

Neutron number




Direct kinematics reactions

The main focus is on the target!

Light beams
(neutrons, protons, light ions..)

—

Heavy ion
target

Drawbacks:

* limited choice of targets material
(only stable or close-to-stable nuclei);
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Projectile-like products

Target-like products

| |

Observed produced ~ at rest

|

often remain in target

|

Not observed

relatively low energies of

FFs (Fission Fragments) result in
difficulties; mostly for their Z
identification.




Inverse kinematics using radioactive ion beams (RIBs)

The main focus is on the

ﬁ

Heavy beams

beam!

Projectile-like products ~ beam energy

Reaction products

Light target
P
d(RIB, pf) t
7 \
@—: - ®—o
RIB
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Advantages

* Large kinematic boost in forward
direction for fission fragments

* Study of fission barriers for very
exotic nuclei.

* By measuring energy of the
proton one can determine the
excitation energy of the fissioning
nucleus.

But...

6




Inverse kinematics challenges

Typical experimental problems

e Strong angular dependence of

proton energy on the LAB angle.

* Kinematic compression - much

worse resolution in backward
angles.

* Low intensity beams (detection

efficiency).

Proton energy (MeV)
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An important difference
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better energy resolution 8

* Target inside the solenoid

* Fission fragments

* Proton follows helical trajectory and then is
detected in a position-sensitive silicon array

Arb. units
@
B
I
=
(o]
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What do we get?

excitation energy of the
E nucleus — to study fission

o) OUR JOB E / as function of the
X

l excitation energy

TCVC \ angular distribution of

protons — to obtain the
angular momentum of
fissioning nuclei

N




An ideal spectrometer with a stationary source

Formula for magnetic rigidity:

. ¥
sin 6
Bp — pﬂ - p = p% = P B
Q Q Q Helical
The radius can be also expressed as:
p - Q_B -

The cyclotron period:

. _2mp  2mm
cyc — Vyy _B Q

. _ Tycandz 2> v, v,andv,, = 0
Distance: But
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Finite size detector

e.g. Protons . 3
& from (d,p) e.g. Recoil
The beam g
- Sh array L psamatae R !
has a size!!! ST datackix
- = { Target fan
Y
-
N
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Finite size detector

detector
plane

the projection of the particle trajectory onto the xy plane
one of the detector planes

@, — the angle between the normal of a detector plane and
the x-axis

a — the shortest distance between a detector plane and the
center of the detector

p — the particle bending radius

The normal of the detector plane:

n= (COS(I)p, sing,, O)

The equation of the locus of the + charged
particle when the B-field is directed along the
Z-axis:

x\ (xo+ pcosA¢
y]  \yo + p sinA¢g




(

Z
x\ _ (%o + pcosAg — v, =vcosh == ey A = tanf - —
y Vo + P SinA¢ A p

Lvxy=vsin9=a)p= T’D

X —sing + sin (tan@ - % + ¢)
( ) cos¢ — cos (tan@ -§+ qb)
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Z
o i (tang - 2 )
At the same time: (x) sing + sm( an » + ¢

"~ Y cos¢p — cos (tanH -%+ gb)

Yy
C
d
a \Cbp X y=bx+c
/ i b = tana = tan n—(z—qb) = — .
- B 2 "PJ) tang,
cos¢y,

@yz_sinqbpx-l_c
a = c sing,

X cos¢, + y sing, = a




* The particle can cross the detector plane

: : z
<x> —sing¢ + sin (tanH "D + qb) N times

Z
cosg — cos (tan@ . E * ('b) * The hit-point is from outside -> the dot
l product of the direction vector with the

detector plane normal is less than 0

X COS®,, + vy sin®,, = a d
$p +y singy fi - —<x> <0
dz \y

Zhi a
tan 0 - li:t = ¢p — ¢ + arcsin <E + sin(c,b — d)p))

1

forgp =0,¢, =7, n

2T P 1 [(a
Znit = 1 ——arcsin| —

tan 6 2T P




We know:
° ma’
° mb’

* kinetic energy of the projectile.

We measure:

p)
Zpit»

cyc:

We want:

cme

x-
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total energy Ey in the CM frame or the mass of the system M e

and Q as the total energy of particles 1 and 2 in the CM fram

e CM frame applics)

, respectively, one gets:

=T 4mg=T = Ey—my = JiZ T

M2

2+ 2my /T

ma + mj + 2may/ m3 + 2ms(T + ma)

e my = 9g - 78% + s

1 (04)

a(1 - ) +afz = Ly +ag:

2 e=lgomtap
(ma + ms) ¥ (05)
Ty 11 3 2
, = o (M2 4t — m3) -y 4 0fiz
(82) ¥ 2E}
Q Please note that it dopends only on the exestation cnergy
The intercept with the kinetic energy axis is:
@
A—— eo=rcho (96)
g la _ JOTmy—md
e Mg tmytT L The only non-constant is ma, which can be excited. For small excitation energy Ex @ ma:
ct’s ¢ p now. We start w 26,
Let’s caleulae p now. We seart with: (L . J a7
e
At small incident energy, Me = m1 +ma + Tem % g, 7 = 1
1 (83) = o * .
M2 4 m? -2
From Eq. Eljwe know that: e m “7‘ —my—
Now we climinate ¢, so that
ksinfem = psing = sinfem
(89) €08 B - (00)
18 — Yk C0SOn = peos® = oSl Bq _ peost M
3 3 his is the rolationship berwoen the conter-of mass anglo and the =-pasition. The dependency on
. the excitation energy is inside the term ¢.
(p.\mrl)‘ 4 ( ]wruﬂ‘) Y
k rk N 3.3.2 The constant o line
7 (sm: 0+ 28qp==d 0 Next, we climinate mz in Eq 0%
(85)
,_ find g0 A
tand = 222 sin® @ = tan® 6 cos?d, - o
cos? § cos ¢ 9 1 (100)
P ® ruias 2809 (B —?) =0 (e m)? = (g — 8k cosfem)?.
r
After solving this 2nd order cquation in p: . P
1-C = €087 llem ) + 10} €057 orms (101)
» (s6) _
1 4= "7(c+m - afiz) = +(¥A - 8VT),
and () gives fom (102)
sing, & A+ B0 - 2fYEVA
Sonfem For more detailed calculations soe App. [§] After inserting ([57) into and some rearrangements
The basic formula for the curvature radi ficld (Eq [): we gor
=2 (s8) , e . .
zB A1 — Si0 Borm 77) + VAV BV SN oy — 107 0087 By — 72 F7C 5i10% o — C = 0, (103)
15 17
Under the kinematics of transfer reaction: Ihe solution for v i
B a 2 ;
"‘ZTZ (89) =0 e 4577 + 08 ey 0

The time for the cycle is given by Eq. [}

Zrp _ 2% ksinfy
T =22 X 2%00m 0
¥y ZB o

Th time for the cycle is fixed. Thus the distance covered alang the heam s aver a cycle i

L uo 1
zom v = 20 L = K kindon, L= .
” N _zB (on)
"Gnd  wngZB | ZBpy, Y T

az = p, = 7= Ykeos b (92)

Together with the cnergy equation of (ST), we have 2 couplod oquations:

az = 1/8g — vk cosfom,

o3
{r+my =g — 78k c08 Bem, =)

whero ¢ is the kinceic energy of the lighzer particlo 2

Pigure 6 Typical plot of the kinetic energy versus detection pastion along the HELIOS atis. The dotted
curve is the lower or upper bound of the energy {T0E). The thick solsd e (D8) is for fixed excitation energy.
“The thin solid ine T07) 35 for fom = /2 ard the Gach-dotied curve i for constant Oom (05}

igure [ shows & typical plot of the kinetic energy versus detection position along the HELIOS
axis. By eliminasing differens varisbles, we can got cach of those lines

3.3.1 The constant ¥ line
In Fig [ the thick solid line is obtained by eliminating ecs 0., in Eq [ By subtracting the firet equir

tion to the second one in (B3) the werms containing cos fom diskppear and after some rearTangements
one gors:

16

T p———
VA .

! (104)

Using that, we can obtain ¢

— sin? fem 7%z + cosfom 0327 + m(1 — sin’
= —ma VA = —ma Y ! (105)
1 —sin fem 77

Whe G = 0, it rodusces tor

c (106)
which is equarion of the dottod curve in Fig, [} When for, = &
o+ (107)
which is equation of the thin sohd lmo i Fig. [
3.3.3 The Bore radius line
The detoctor may have maximum radius 1 and % < R. Considering Fa. %
ind,
p— B0 0 g = ksind, (108)
Insering ineo Eq, [T}
vz = g — 1 TE T 109)
RN

replace /FF — (Rar]? with ¢ for the sake of simpliciey:
z y8g — 1),
(az) L,w i) ) (110)
(e+m,)* = (vq — Bt)
After some caleulaions we ger:

a_ 2

(e+m) —(az)’ = ¢ — 1y
Using formulas for g and k* from Eq. [f we obtain:
amye + e = a? ((Re)? 4
(112)
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3.3.4 Maximum excitation energy

Wecan see thar when the excitation energy of particle 1 is higher, the thick solid line shifts lower (Figf).
Thero is an upper lims for the thick solid line to be shifted, which is when it tonches the dotted curve

Ve want to find out these coordinntes {cyr. zay), which satisfy the condition that derivatives of thick
solid and doezed curves are oqual at this point:

(&~ (&)
&/ sorro &/ porren
i

202y (113)
RN A

alsgy
o

4 Inverse problem

ussed i See. 1, the HELIOS set-up provides inforon
ain goal of HE]
av E. of the compound
uced protun. Tn other words, & wappise of the kind

(5)=()

translate this knformation luto the excitation e
angle 8 of the prod

st be found,

4.1 From E, z to Eo fon

Ou
expressions for g

) in terms of (
& found in Eq. 82, o

¢ obtains

+E)

= (1)
Let’s now find es:
ey = —my + o2y +mi
s 4 yf(F 4 m? (115)
my Tjmy
et s find the maximum mp:
mg
en —my +afay,
which, after solvi
g
g —my —my ol )
ma = Me — my = /(ma + m)? + 2mal —my.
At the non-relaivistic limit where mq +ms 3 meT: + B — (my =
S maT
Mz = Vi + ) ZmaT — s e e+ e
mT ml m7)
me e 1 g a4 T = Qo T
Qo
g, +my, (118)
. mT oo whete y = ¢+ m. Furthermore, knowing that
E L. T, 119) .
o = Quat e = Qe+ T (
where Quat i tho Q—value of the reaction and Ton i the kinetic energy in the cenor-of-mass eosf,
19 2
3.3.5 Minimum incident energy can be expressed as a function of g and the position.
The minimum incideat energy requires that: ot 2 .
Me>mytmz = (ma+ms) + 2maTomn = (m +ma)’
7 (my +ma)? — (mg + mp)? _ (120) From i, the tota
o 2m,
(135)
e g e where M, 18 the total mass of the system
When the incident particle is shifted by the initial angle 6,1, the four-momentum vector of particle 1
will be tilted by the 64 angle: 4.2 Finite detector
E 1 0 0 2 — Y3k €08 flrm In case the detector has a finite size (see Sec. 2.1) the Lit position 2y, is given by
P 0 cosba —sinfa | (18 - vkcosbem (121)
Pry 0 snd, cosdy ksin o (136)
Since the 2-position of the detector hit is
Recalling Eq. 93
az = p: = (78g — 7k 08 fem) cos B4 — ksinfem sin f4
and the energy: (137
€ 4+ m3 = 7g — 7Bk co8 fem. (123) Eq. 136 and 137 one has
by eliminatin ve get:
by climinating o we got: (108
1 q 1 — 3 (12
afz (1 +my — :)cm“. e k) — (g - Psint,. (124) So the eoupled solution s
v T — 48k coa(f,m)
—— (139)
ay: = (14— VT E |(1—
Since
) kaindom
Y= =FE {140)

i = /T = con Oy

after so

where the expression for cos#,,, can be found in Eq. 134,
that

hrale passages it tusus out

Fyaa

(141)

pvm? + k2 — 32 —m

which leads to:

Jyaa

I — (142)
V2T + A2 — g — eyt — k2

ke — mtan{x) (143)
u — msec(r)) (144)

e

n

where the expression under the square root ean be rewritten as
yym sec(r) — o — m*y?
= + 2yym sec(z) — m sec? (2) + o
{3y — msec(z))* +
then

afyz = (- msee(2)) [ 1 -
V=
Some replacements can be made to clear up this expre

yy — msec(r)

In this way Eq. 146 becomes:

which transforms in

Z=Hsiné

when replaciug K —s Hsin 6, with —F < 6 <
The momentum square k2 can be expressed as

3900
" — () - meec(x) )

ession as follows:

— K

Grme

which give back the infinite detector solution in Eq. 1
.G > 0 and for a finite detector with a << p

Therefore, the function

f(6) = Hsiné - Gtang

Jooks like as shown in Fig. 7. When 8., >> 0 is consi

J(¢)= Heoso—

which allows to infer the existence of 4 sing

one solution is allowed as can be seen in the orange lin

dered the derivative i

sec 630

e in Fig. 7

(145)

(146)

(147)

(148)

(149)

150)

(151)

(153)

(154)

» solution. On the other kand, if 6,,, s small, more than

f(#)

Figure T: fi) (osange line) and f($) = Z (bl

A Caleulations in details

By recalling Sec. 3.3.2 one

(e +mi) = (vg -
R

By considering that k* = ¢* — m} one can write down

Please note that +* in Eq_ 156 simplifies with (1 —

By — vk cos,,

e lie ). From Kia

= of HELIOS.

ik ens),

1= 08 o) + 10} 082 B,

asccording to Eq 1

(155)

(156)

(157)




Inverse problem

Cyclotron orbit

interested in:

ol We we are
o We measure:
¢ Ep; —_— ° Ex,
[ J Z 9
Emission point T, cm
cyc:

/
Ex =—m, + \/Mg +m? — 2yM¢(E — aézhit)

V(EB — azpir)
cosl.y, = >
/ VY2(E — aBzpi)? — m3

/

X Zpit



10 3
B M
z ° ah
EX=—m2+\/Mg+m%—2yMC(E—a,Bzhit) = . e
e
"D-b'
2
I e
50 jb e
40 + /
o y(EB—azu) ENN =
cm T > — N2 7 ""; -
\/Y (E aﬁzhlt) my - a0 4 %’7 4 -.:; -
TS
10 + t‘:g‘ SN,
N T

200 800 700 600 500 400 300 200 100 0
zimm)

J.C. Lighthall et al., NIMA 622 (2010) 97-106
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1 5
[ .rfﬂ:aﬁsg::::;ﬁffffff

= &
2 H
Ey =—m, + \/Mf + m% — ZVMC(E — a'BZhit) g 4 gﬁh@a
1] ﬂl- |
5,.':.#2
=

cos... — Y(EB — azp;t) S}
VY2(E — aBzp)? —m] "N ,»’7 «
*

500 -400  -300 200 -100 0

zimm)

influence of _
i J.C. Lighthall et al., NIMA 622 (2010) 97-106
detector size
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Summary

* The r-process is responsible for the creation of
heavy elements in the universe

Fission plays a crucial role in limiting the r-process

Thus, fission cross-sections of neutron-rich nuclei
are an essential input to theoretical modeling of the
r-process

Inverse kinematics studies using RIBs are promising
tools for fission studies of neutron-rich nuclei

Solenoidal spectrometers allow for precision studies
of fission cross-sections




ISOLDE Solenoidal

Spectrometer Beam

and
magnetic
axis

e 24 double-sided silicon strip detectors (DSSD), four per side.
e 128x0.95 mm pitch strips on the front (p-side)

* 11x2 mm on the back (n-side).

* Solid angle coverage ~ 94% (8), ~70% (¢)

May 20, 2022

* Length of active area (z axis) 501.5 mm
*  Minimum distance to the target 14.5 mm

Q-value resolutions approaching 20 keV -

A. Kawecka and M. V. Managlia



ISOLDE Solenoidal
Spectrometer

Solenoidal spectrometers

vV

HELIOS Argonne

NATIONAL
LABORATORY

HELIOS setup

o N
e.g. Protons . AN
from (d.p) e.g. Recoil

10 mm |23 mm

3‘_31'_31, e “Recoil

e (Y det
' Target fan N

i -

90-cmtiameter

Hexagonal-
shaped Si array

Square-shaped
Si array
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Back up slides

Production
target

RIB production at ISOLDE

Mass separation

Extraction e
. z.md. RIB Isobaric RIB cilacton
ionization

24
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P

;‘5 Finite size detector Here (in reality)

things get
definitely worse:

the beam pipe

magnets to focus
the beam
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Here (in reality)
things get
definitely worse:

the beam pipe

e.g. Protons . (has a size)

from (d.p) e.g. Recoil

SIatray _ g oo '.R-ego.nl
c/ -
detector

|
' Target fan

90-cmdiameter

magnets to focus
the beam
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The origin of elements in the universe

Big s Dying Exploding
Bang low-mass = massive
fusion stars s stars

Cosmic =~ Merging Exploding
ray “ neutron white
fission “ stars dwarfs

Wikipedia: Cmglee
Data: Jennifer Johnson (OSU)
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What happens inside a solenoidal field?

LLGLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL.
0.4} /\ | Position |
Ay : ) / 3
- proton trajectories ; \
f \
0.3 from (d,p) f \
; [ \
[ \
e 0.2 ’ ‘
Recoil
o SHTETE Detector \\\ 0.1 . target \ detector
\* X 0.0 _, ‘/

Solenoid

What do we measure?
e Position along the

is related to its .
* Target inside the solenoid z position along the cyclotron perlod cyc’
* Fission fragments beam axis * -energy of the proton
* Proton follows helical trajectory and then is in the laboratory
detected in a position-sensitive silicon array frame E 45
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An important difference

12 b L]

° 1 : -+ — g.S.
Particles are NOT detected at a fixed ol — 1273 Mev
laboratory angle (conventional approach), but | — 2.028 MeV

gl — 2.426 MeV

4 } >
rather at a fixed distance from the target. s 3.067 MeV 1 [£=-656cm =
3 4 b C
- 2
Y 3
, , _ u Blap. = 179° | | )
* The effective resolution with the . P o
solenoid can be considerably better than > pemma L4 . o
. . Fixed Solenoid =
with a conventional detector array. 11 P
P20 740 160 180 0.8 —0.6 —04 —02 0. <
Glab_ (deg) Z (m) 3,
iy S
mVC%n mz'vcm 1 t Measure z S
Ecm — Elab T T 2 [Z = -65.6 cm S
2 Tcyc - i 1
-o- '
£ A =
. < A | O
, | o N O U | A =
e Large background reduction 0 1 2 3 4 5 60 1 2 3 4 5 6
Ejap (MeV) Ejap (MeV)
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Off-axis effect

N —sing + sin (tan@ : % + ¢> cos¢
beam <>=p . +p0<. O>
y cos¢ — cos (tan@ D + ¢> sindo

e

center

21T P 1 ~ [(a+ pg cos @
Znit = p— 1-— ﬁarcsm 5
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Moving source

3D problem - Kinematics of 2-body scattering

LAB frame 2 k, initial momentum M Trdrhe 2
of particle a in LAB
frame.
a(b, 1)2 a 62 a gcm b
= b > <
01 E. total energy of the
1 system in LAB frame.
1
LAB cM
Four-vectors before scattering
2 2 m o
Pa:(«mc;_fka> e = () - (TR AR ()
¢ ——) ¢ —vBy mg + ki + vk, ’ _}’Emb

Four-vector after scattering Lorentz

transformation ' ]{EC - :VJE ) k_a,' ]’rEc - ]"E ' ka MC

Jm? 2 P.=|— — A o~ . = — = =
Pc=<%’>= Ma +k_k)a+mb ) (ka"'(]’l)(ka'ﬁ)ﬁ]"ﬁﬁ'c Yka — YBE: 0
a

a
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Transfer reaction kinematics

The 4-momentum of particle 1 using
CM coordinates

/ using LAB coordinates
a(b, 1)2
E yq — V,Bk Cosgcm E /
P,=| Pz |=|vBq—ykcosb,, |=|pcosd
Dxy k sinf.,y, p sinf
E vQ + yBk cosb,.,, E’
P, = p'z | =|yBQ+ vk cosb,,, | = p' cosd
P'xy —k sinf,,, p' sinf

(those equations are derived using Lorentz
transformation and kinematics of 2-body
scattering)

32
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Transfer reaction kinematics

a(b, 1)2

/

1
q=E(I.'—m§+m%)

Yq — )/,Bk Cosgcm E
= | yBq — yk cosO,,, | = [ p cosO
k sinf,y, p sinf
vQ + yBk cosb,.,, E'
= | YBQ + yk cosb,,, | = | p’ cosb
—k sinf,,, p' sinf

(these equations are derived using Lorentz

transformation and kinemaktics of 2-body

scattering)

1
Q =2—Et(Et2+m§—mf)



Transfer reaction kinematics

the momentum of particle 1 or 2 in
the center-of-mass frame (CM)

/ using LAB coordinates

Yq — ]/ﬁ. Cosgcm E /

= )/,BC[ — Yk cosOcm | =| P cost

a(b, 1)2

K sinf.,, p sinf
vQ + yLk cos6,,, E'
= | YBQ + yK cosb,,, | = | p’ cosb
—kK sinf,,, p' sinf

k? (Ef — (my + mp)?)(Ef — (my + my)?))

:4—Etz(




Some simulations..

170

6 [deg]

160

150

140

130

120

110

100

90 —

TTT

llllllll[ II WI'III‘E[IIH[ TT I’

T

o |

-10

2.6cm
p @1 —10 MeV yiY
in25T
isotropic source
:
gate on 2 MeV protons - | z

Protons hitting Si array before completing a
Ideal case. cycle.
String-like detector.
Protons hitting Si array

after more than 1 cycles.

el Lo P Lo Lo Lo Ly V
25

-5 0 5 10 15 20
Zg [cm]

“May 20, 2022 [ NT seminar | A. Kawecka and M. V. Managlia



