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The project of a high-energy monochromatic gamma radiation source is developed. The source is based on the
storage ring with an internal thin target. A limiting factor for using of the internal target is the growth of the beam
phase space by multiple scattering and energy loss straggling. We consider the possibility of using the electron
cooling for dumping of the beam heating by the internal target.
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1. INTRODUCTION
For generation of an intense flux of the
monochromatic y - radiation, the proton capture

reactions are used. The traditional technique is an
irradiation of the target by proton beam with energy up
to few million electron-volts and current up to tens of
milliamps.

We consider the reaction “C(p,y)'*N of radiation
capture of proton with the energy near resonance
E, =1748 MeV. As a result of reaction the high

energy photons (£, = 9.17 MeV) are generated. The
cross-section of the reaction is ¢ , = 3.5010"*° cm?, and

l,=0.12 keV is a width of resonance. The value of

N, :
photons output for thick targetis Y = N_V = 1.05010
r

In the storage ring with the internal thin target the
beam many times pass through the target. A limiting
factor for using of the internal target is the growth of the
beam phase space by small angle multiple scattering and
energy loss straggling. Therefore, the compensation of
the energy loss at every turn is required. At papers [1,2]
the compensation by using the RF resonator are
considered. It allows one to increase significantly the
nuclear reaction output and reduce the power
consumption. We consider the possibility of using the
electron cooling in combination with betatron inductor
for dumping of the beam heating by internal target.

2. KEY PHYSICAL PROCESSES
2.1. BEAM HEATING BY INTERNAL TARGET

Moving in the target, the protons ionize the target
atoms. This results in the beam transverse emittance
degradation by Coulomb scattering on target nucleus
and systematic loss of the particle energy as well as in
an increase in the beam energy spread [3,4]. For the

particle with the energy £, =y m pcz, the cross-section
of the Coulomb scattering on the nucleus of target is
_4n rp2 Zj
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where Z, is the atomic number of the target material,

7, is a classical proton radius and 8 ... is defined by an

angular aperture limitation.
Then the beam lifetime is

1
Ty = . 2
an stA ( )
The average proton energy loss for one turn is
anr’Z,t, , NE
ME = -mecz%lnHﬂH. 3)
0 0

Here, ?, is the target thickness, 7, is the electron

classical radius, E,, 02my’v*, I is the mean

ionization potential of the target atoms. The dispersion
of energy can be estimated as
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2.2. ELECTRON COOLING

4

For compensation of the energy loss and emittance
degradation we consider to use the combination of the
electron cooling and induction module. The betatron
inductor must compensate the average energy loss
during one injection cycle. The electron cooling is
needed for dumping of the emittance dilution due to
multiple scattering and space charge forces, and for
decreasing energy spread.

In this paper, we estimate the electron cooling force
using the following phenomenological expression which
has been proposed in .[5]

- 4
Ap: FDT - 4@ ngVT IHH“' pmax H (5)
m(JV2+ V) Pt D min

This simple expression is in a reasonable agreement
with available results of the measurements of the
cooling force as well as with computer simulations. All
parameters in Eq.5 are taken in the beam reference

system, #,is the density of electron beam, Vis the
Vi ot =1/yBc, I, is the

m»
m,cvy,/eB is the

proton velocity V? = V7+
length of the cooling region, p; =

. 2 .
Larmour radius of the electron beam, m,v,;” is the

transverse temperature of the electron beam, B is the
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magnet field in the cooling section. The value meVe;f is

an effective temperature of the electron gas. Generally,
we shall write

2 _ 12 2 2
Vef‘VAe'i'VExB'I'Vea (6)
where V), is the effective velocity induced by the curve

of the magnetic field lines, Vg, is the electron drift

velocity in the crossed the space charge fields of the
beams and the guiding magnetic field of the cooling

device, meVe2 is the longitudinal temperature of the

electron beam ¥, = y2¢’n)* /m, . As the maximum

impact parameter p . we take the value:

v

P max = m , @)

where @ ,. is the plasma frequency of the electron. The

minimal impact parameter reads are:

2
e

my?’

e

2.3. INDUCTION MODULE

The induction module provides an accelerating
voltage for compensating average energy losses during

. 1 0B .
operation cycle U = - —SA—t,At< T,, where S is a
c

p min = (8)

core cross-section area, AB is a flux swing [6]. An
inductance of the core and a leakage current can be
estimated as

r AR
L= EpiRon - Syp 9)
2n R, L
2.4. PROTON ENERGY SPREAD

The proton energy spread created by the internal
target will not result in the decreasing on the flux of
photons if the total power of the cooling force and
accelerating voltage exceeds the power of the ionization
losses. We take calculations follow paper [7]. If F' is
the longitudinal component of the cooling force, the
equilibrium energy of a particle is defined by the
following balance equation
) 4ntre? lnEﬂ. (10)

il
Due to decrease in the value of the cooling force with an
increase in the value of the energy spread Eq.10 has two
roots. The vicinity near the first root at the decreasing
slope of the curve F (4E) corresponds to stable

WF(LE)+ eU) = - me

solutions. During the cooling the protons will collect
near this energy. The second root corresponds to the
unstable solution and defines the momentum aperture of
the ring. For calculations of the systematic variations of
the particle energy due to cooling force the power
F (A E) is averaged over the periods of the betatron
oscillations. For simplicity we take that the dispersion
function in the cooling section is zero and neglecting the
variations of the betatron functions of the ring along the

cooling section. Inspecting dependencies
Of )= 2EEAEL find out, for a tak
, (dE/dt)t ~ ey e can find out, for a taken
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electron beam density, the roots of the Eq.10 (
Q(f A E) = 1) corresponding to the stable fixed point
and the momentum aperture 0, . The lifetime of the
beam can be estimated calculating the average
frequency of ionization events with the energy loss
exceeding AE,, = ym B *§ . Then, we write

o am, 4ITZAtArg2 c

r. = N
TR (11)

p

The numerical solutions of the Eq.10 for chosen ring
and beam parameters will be done below.

3. STORAGE RING DESIGN

The source based on the storage ring with internal
thin target, betatron inductor and electron cooling was
designed. In Table 1 the main ring parameters are listed.

In Fig.1 the layout of the storage ring are shown.
5 2

Fig. 1. Layout of the storage ring: I-dipole magnets;
2-quadruple triplet; 3-electron cooler,
4-internal target; 5-induction module

Table 1. Main parameters of storage ring

Energy, MeV 1.748
Circumference, m 9.29
Betatron tunes V,/V 1.47/1.68
Transition factor 1.31
Momentum compaction factor 0.584
Revolution frequency, MHz 1.967

The magnet system of storage ring consists of four
magnets with edge focusing and quadruple triplet. In
drifts the internal target, electron cooler and induction
module are located. In Fig.2 the optics functions of the
ring are presented, solenoid is switch on [8]. The
solenoid of the electron cooler creates a coupling of the
transverse betatron oscillations. The length and magnet
field of the solenoid are selected so as the rotation angle
of the proton equal to 277 Therefore the transverse
coupling beyond the bounds of the solenoid defaults. As
the dispersion function in the cooling region is nonzero,
the vertical dispersion in the cooling region is appeared.
The maximal value of the vertical dispersion is 0.69 m.
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Fig.2. Optic functions of the storage ring

Table 2. Main parameters of subsystems

Electron cooler
Energy, keV 0.952
Length of the cooling region, m 1
Electron current, A 0.5
Beam radius, cm 0.63
Magnet field in the cooling region, T 1.2
Internal target
Material carbon C"
Thickness, cm™ 300"
Average energy loss per turn, eV 9.5
Gain of energy dispersion, eV 97
Single scattering beam life time, ms 37
Induction module
Voltage, V 9.5
Pulse duration, ms 25
Core cross-section, cm? 600
Inductance, Hn 10
Leakage current, A) 300

The main parameters of the subsystems are listed in
Table 2.

The electron cooler consist of superconducting
solenoid with accuracy of straightens magnetic field line
about 107, electron gun immersed in the magnetic field,
collector and toroids.

The vapour internal target (carbon C") is used as a
stripper for the H™ charge exchange injection also. At
energy 1.75 MeV H charge exchange cross-sections are

0., =35010""cem?, 0, =16010""7cm? the optimal

target thickness is about § = 6010" cm® [9]. The
injection can be as a single-turn as a multi-turn.

The duration of an operational cycle is 27 ms. H
ions are injected to reference orbit and stripped on the
carbon target. The storage proton beam many times
passes through the target and creates the output flux of
y-radiation. The average beam energy losses are
compensated by induction module during pulse duration
25ms. The multiple scattering and space charge
emittance dilution, and energy loss fluctuations are
dumped by electron cooling device. The next 2 ms
reserved for reverse part of the induction module cycle.
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The numerical solution of Eq.10, assuming the beam
and target parameters described above and
inhomogeneous of field derivative about 5% give the
next results. As is seen from Fig.3 for the beams with
emittances less 1 cmlthrad the cooling using the electron

beam with 7z, = 1.4010° cm® successfully suppresses

the ionization energy losses in the target. The roots of
the equilibrium equation on the increasing slopes of
O(-bp) occur in the regions which are well below the

value of Ap/p= 70107 corresponding to A E = 120 eV.
The roots of Eq.10 on the decreasing slopes of the curve
O(-bp) give the momentum aperture of the ring in
such operation. According to data given in Fig.3, for all
three curves these roots occur at approximately
§,=107, and T,, = 43 ms. This lifetime does not

limits the operation performance.

10
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Fig.3. Dependence of the factor Q in Eq.10 on
-Ap/p. From top to bottom € = 0.51.2 cmbahrad

The maximal space charge tune shift Av = 0.1
allows one to estimate the maximal storage beam

intensity N, = 5 010" particles per pulse.

Let’s estimate the output flux of y-radiation for the
described above target parameters and beam intensity
N, = 5010" particles. The effective current of the
proton beam passing through the target is
I,=eN,f,00.16 A and the output flux of y-radiation

is N,*N,fY = L100" photons per second. In
assuming, that the proton beam is completely replaced
after 5010* turns in the storage ring (T = 25 ms), the
injection current needed from the ion source is only
I,,=eN, 17" 0032 pA.

inj

4. CONCLUSION

The project of high energy gamma radiation source
is discussed. The source is based on the storage ring
with internal thin target and electron cooling. The
design of the storage ring and main parameters of the
subsystems are developed.
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HCTOYHUK BBICOKOSHEPTETHYHOI' O TAMMA-U3JIYYEHHUA HA OCHOBE
HAKOHNUTEJBHOI'O KOJIBIIA C BHYTPEHHEU MUILIEHBIO
N JIEKTPOHHBIM OXJIA’KAEHUEM

K.B. I'voun, B.A. Mawunun, B.B. Ilapxomuyk, B.I'. Illamoeckuit, B.A. Bocmpukos

Pa3zpaboTaH TPOEKT BHICOKOIHEPTETUYHOI'O MOHOXPOMATHUYECKOTO HCTOYHHMKA TraMMa-u3iydeHusi. VcTouHHMK
OCHOBAaH Ha HAKOIMTEIBHOM KOJbIE C BHYTPEHHEH TOHKOH MuIIeHbl0. JluMuUTHpyOmMM (aKTopoM s
HCIOJB30BAHUS BHYTPEHHEH MUILIEHH SBISETCS POCT (pa3oBOro o0bheMa IydKa M3-32 MHOTOKPATHOTO PacCesHHs U
pa3bpoca IHepreTHUecKux IOoTeph. PaccMaTpuBaeTcss BOSMOXKHOCTH HCIHOJB30BAHUS AJIEKTPOHHOTO OXJIAXIACHUS
JUIS yMEHBIIICHUs HATPEBaHHs Ty4YKa BHYTPEHHEH MUILIEHBIO.

JXKEPEJIO BUCOKOEHEPTETUYHOI'O 'TAMMA-BUITPOMIHIOBAHHSA HA OCHOBI
HAKOIINYYBAJIBHOI'O KIJIBIIA 3 BHYTPIIIHBOIO MIIIEHHIO
1 EJIEKTPOHHUM OXOJIOP)KEHHSIM

K.B. I'yoin, B.A. Mawunun, B.B. Ilapxomuyk, B.I'. Illamoscvkuii, B.A. Bocmpukos

Po3po0iieHO MPOEKT BUCOKOEHEPreTHYHOI0 MOHOXPOMATHYHOTO JDKepenia raMMma-BUIpoMiHioBaHHS. J[xepeno
3aCHOBaHE Ha HAKONMYyBaJbHOMY KUIbI[I 3 BHYTPIIIHBOI TOHKOIO MilleHHI0. DakTopoMm, M0 JIMITYE
BHKOPHCTaHHA BHYTPIIIHBOI MIIIEHi, € picT a30Boro o0’eMy mydka depe3 OaraTopa3oBe PO3CIIOBAHHS 1 PO3KUT
SHEPreTHYHUX BTpaT. Po3rismaeTbcss MOXIIMBICTH BUKOPHUCTAHHS €JIEKTPOHHOTO OXOJIOKCHHS UL 3MEHIICHHS
HarpiBaHHsI My4Ka BHYTPIIIHBOIO MIIIIEHHIO.
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