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Abstract. The durability of the targets and entrance window foils of the Dubna gas-filled recoil
separator working at high intensive heavy ion beams was considered. The temperature, as a
factor determining their durability, was calculated as a function of time in the conditions of
their pulsed heating by heavy ion beam, followed by radiative cooling by radiation emitted
from their surfaces. The temperatures were calculated for “*Ca heavy ion beam with intensity
expected for the DC-280 accelerator. With the temperature calculated as a function of time,
optimal parameters of the entrance window and target operation were chosen.

1. Introduction

The detailed study of properties of superheavy nuclei (SHN) in the experiments with the complete
fusion reactions induced by the *3Ca projectile on actinide target nuclei, which lead to 112<7<118
nuclei, implies the use of heavy ion (HI) beams with the intensity significantly higher than the one
used earlier in the discovery experiments [1]. Synthesis of SHN with Z>118 implies the use of the
heavier ions than “Ca beam particles (*°Ti, *Cr etc.). High intensities of heavy ion beams should be
obtained at the new DC-280 cyclotron, the basic facility of the superheavy element factory. The
expected intensity of the heavy ion beams will be 10 ppA (see table 1) [2], which is 10 times greater
than those obtained at U-400 accelerator presently used for the synthesis of SHN. These beams will be
delivered to a new gas-filled recoil separator. The rotating entrance window is the device which
separates the internal volume of the separator, filled with hydrogen to a pressure of 1 Torr, from the
cyclotron vacuum [3]. At the DC-280 beam intensities and corresponding energies, the specific
powers generated inside thin Ti foils used for the window can reach several hundred W/cm? (see
Table).

Obviously, the high specific powers generated by intense heavy ion beams in the entrance window,
as well as large doses of the beam, reduce the durability and degrade the performance properties of the
titanium foils. It is believed that a degradation of the foils occurs among them due to their exposure at
high temperatures [4]. These temperatures are determined by the heating power generated inside them
by an intense ion beam. Under the conditions of the gas-filled separator, this heating power can be
removed by heat conduction, convection, and radiation processes [5]. One of the ways to significantly
reduce the thermal load on the foils is the use of a pulsed mode. In the case of a continuous beam, the
pulse mode is realized by rotating of the entrance window.
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Table 1. Powers (in W/cm?) generated inside entrance window Puingow at the intensities of heavy
ion beams expected at the DC-280 accelerator. The beam energies in the middle of the target layer are
also given, as well as the energies absorbed inside the Ti foils of the entrance window AFEuwingow With
the thickness 0.71 mg/cm? (all in MeV).

Reaction Eb Intensity AE window Pwindow
48Ca+238U30s 234.9 10% 13.7 310
8BCa+2®U0, 234.9 10% 13.7 310
OTi+238U304 259.9 3-10% 15.6 106.2
S4Cr+2%U30s 285.4 2-10% 17.6 79.6
BFe+238U304 311.4 1-10% 19.7 445

The aim of this work is to calculate the temperature of the Ti foils of the rotating entrance window
under the intense **Ca heavy ion beam with energy 5.3 MeV/nucleon. Based on these calculations, the
values of the optimal radius and angular velocity of the entrance window were proposed.

2. Temperature of rotating entrance window

The entrance window irradiated by an intensive heavy ion beam is heated as a result of the energy loss
of the incident ion in matter. Thus, a “Ca beam with the intensity of ~10%** s and the energy of 5.3
MeV/nucleon generates a thermal power of 310 W/cm? in the 0.71 mg/cm? titanium foil and 115
W/cm? in the 0.4 mg/cm? 2%8U0, target (see table 1). Such powers, in the absence of an effective heat
removal, should lead to an increase in the foil (target) temperature, which should affect their lifetime.
The temperature rise can be suppressed by limiting the intensity of the beam, or by providing an
effective heat removal from the foil (target).

As was shown in [5] that at relatively low temperatures, all types of heat removal provide cooling
of the Ti foil. At such temperatures, the time-dependent differential equation, which takes into account
the heat sink caused by heat conduction, convection, and radiation, seems to be exhaustive for solving
the heat conduction problem [6]. At the same time, at high intensities of heavy ion beams, the thermal
powers generated in the foil, according to the estimates, lead to temperatures exceeding 700K. At such
temperatures, the main way of cooling is the heat removal due to the radiation emitted from the
surfaces of the foil. This circumstance makes it possible to write a time-dependent equation
corresponding to heat exchange process for rotating window foils bombarded by an ion beam. In
calculations for thin Ti foil, thermal conductivity can be neglected [4], and the temperature
corresponds to the Stefan-Boltzmann law. The application of this simplification is determined by the
ratio of the Ti foil thickness d to the surface area of the foil F:

d <« E9se e (1)
F 61
where A is thermal conductivity, ¢ is full hemispherical emissivity o, =35.365MeV (s cm?K*)? is

the Stefan-Boltzmann constant. The fulfillment of this inequality allows for the calculation of the
temperature Ti foil.

In the case of a rotating window, we deal with heat exchange processes that depend essentially on
time. There are a heating and cooling of the window during a full revolution. Heating and cooling
correspond to the times during which the window element is under the beam #,, and out of the beam
tof- These values are determined by the angular velocity of the window o, its central radius R (distance
from the axis of rotation to the center of the beam spot), and radius of the beam spot r. Taking into
account that R >> r, we have:

ton = r/(ﬂ'C(R) 1:rev = 1/(0 toff :trev _ton ) (2)
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where tr - the time of a complete wheel revolution. If inequality (1) is satisfied, we can write a
differential equation based on the energy conservation law in relation to the temperature of the foil T
(t) for any point of the foil [4]:

I (t hd
bF()AE + 280, Ty =280, T*(t)+cpd T(t), 3)
L®
F
Thus, @AE is the beam power released per unit area of the foil (see table 1), c and p are the specific

heat capacity and density of the foil, respectively, and Ty is the temperature of the environment.
Differential equation (3) can be integrated step by step depending on the presence (absence) of
the beam. As a result, the temperature of the foil, depending on time, is determined by the following

expression [7]:
T T.(r-T T.(r-7
=t + % arctanh{_lu} + arctan{(f)} , (4)

where is the intensity of a beam per unit area, AE is the energy of the beam absorbed by the foil.

2 T2 +TT,

o f 0

where

(oo T?) y {0 Joe}
A = €05 oo/ , T,=T,(1+B)* and B= 5
- o(L+B) P 5)
and ts is the time of the beginning or of the end of the heating (cooling) pulse, T; is the temperature
corresponding to this time. The coefficient B corresponds to the ratio of the power absorbed by the
foil, from the beam and from the environment. The expression t (T) (4) corresponds to the time
intervals of the beam ton and to (2). Thus, we obtain the temperature dependence on time for any point
of the circle corresponding to the radius R and angular velocity o of the rotating entrance window.
With such a consideration, the distribution of the beam intensity along the radius r is not taken into
account.

3. The application of calculations for the choice of the DGFRS entrance window design, which
operates at high intensive heavy ion beams

The U-400 isochronous cyclotron is designed to accelerate heavy ion beams with A/Z = 8-10 and
energies of 4.5-9 MeV/nucleon. This accelerator produces “Ca beams with the intensity of 6-10%2 s
for experiments on the synthesis of SHN with DGFRS. As mentioned above, one of the main elements
of the separator is the rotating entrance window. The radius and angular velocity of the entrance
window correspond to 50 mm and 16.4 rps, respectively. These parameters of the entrance window
ensured stable operation of DGFRS for a sufficiently long beam time.

Figure 1 shows the dependence of temperature as a function time for the rotating entrance
window [4] calculated with the expression (4). The calculations were performed for the “Ca beam
intensity of 1 = 10* s, beam radius r = 0.4 ¢cm and an entrance energy E = 256.5 MeV. The
calculation was carried out using the angular velocity and the central radius of the entrance window,
the same as was used in the DGFRS experiments [1, 8, 9]. The results of this calculation are compared
with those obtained at intensity | = 6-102 s, typical for the experiments conducted at U-400 [1, 8, 9].
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As one can see in figure 1, the maximum temperature of the foil under the beam intensity of
6-10%? st slightly exceeds 400°C. C. It is much lower than the phase transition temperature t,s in the
titanium crystal lattice noted in the figure. Currently, the operation of the existing entrance window of
the separator corresponds to this temperature mode. The temperature of the entrance window under the
beam intensity of 10'* s* strongly differs from the one at 6:10'? s1. The maximum temperature of the
foil exceeds its melting point and far exceeds the phase transition temperature. Thus, at these
parameters of the entrance window and the beam intensity expected from the DC-280 cyclotron, the
titanium foil can melt at the very beginning of work. A large difference between the maximum and
minimum temperatures should create an additional pulsed mechanical load on the foil due to thermal
stresses. This, in turn, can reduce the durability of the entrance window.

In search of entrance window parameters, such as the «» and R, additional temperature
calculations were performed for heavy ion beams expected from the DC-280 cyclotron. Figure 2
shows such calculations for titanium foil irradiated by the “8Ca ion beam. As might be expected, the
results of these calculations for a lower angular velocity and smaller radius, corresponding to a long-
term ton and toff, as compared with these parameters used in the performed experiments [1] (see
figure 1) show higher maximums for the foil temperatures. The differences between the maximal and
minimal temperatures also increase. Thus, the durability of the foil with parameters corresponding to
the three top lines shown in figure 2, becomes even more doubtful than in the cases shown figure 1. At
the same time, higher angular velocity and larger radius, corresponding to shorter times of ton and toff,
as compared with those used in the experiments (see figure 1), lead to lower maximums of the foil
temperatures. The differences between the maximal and minial temperatures are reduced. So, in the
cases of the parameters corresponding to the bold line shown in figure 2, one can expect a maximal
foil temperature not exceeding 800°C and the difference between maximal and minimal temperatures
below 150°C.
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Fig. 2. Temperature dependence of Ti foil for different radii R and angular velocities ®
(indicated in the figure), located under a “Ca beam with an intensity of 10'* and energy
of 251.5 MeV.

Taking into account the additional cooling induced by the convection process, it can be stated that
such parameters of the entrance window as angular velocity o = 2000 min* and wheel radius R = 250
mm allow 0.71 mg/cm? titanium foils to withstand thermal loads generated by “®Ca beams with
energies of ~ 5.3 MeV/nucleon at the intensities expected on the DC-280 cyclotron (see table 1).

251.5 MeV “Ca => Ti (0.71 mg/cm’) + UO, (0.4 mg/em’), 1 = 10" s™
R =250 mm, ©=2000 rpm, t _=562°C,t_=450"C
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Similar calculations were performed for a rotating target with parameters that seem to be optimal
as in the case of the entrance window (see figure 2). Figure 3 shows the temperature dependence for a
UO; target deposited on the 0.71 mg/cm? titanium backing for the “8Ca ion beam intensity of 10 s,
As in the case of a rotating entrance window, bearing in mind some additional cooling on the both
sides of the target provided by the convection process, one can expect that the selected parameters
(angular velocity and radius) for the target will allow withstanding the thermal load created by the
heavy ion beams expected from the DC-280 cyclotron.

4. Conclusion

The high intensities of heavy ion beams used in the experiments on the synthesis of SHN affect the
materials of targets and foils used in these experiments with the use of DGFRS. The specific heating
power realized into these elements corresponds to several hundred W/cm?. It makes these elements
critical in future experiments on the synthesis of SHN at the DC-280 cyclotron, which will be
commissioned in the nearest future. The temperatures of titanium foils as a function of time, were
calculated under the conditions of their pulsed heating by a HI beam and radiative cooling by radiation
emitted from their surfaces. Such a pulsed mode is inherent in the operation of DGFRS during
experiments conducted with the rotating target and entrance window, irradiated by a continuous HI
beam. The temperatures of titanium foils of the entrance window under the 5.3 MeV/nucleon #*Ca
heavy ion beam with the intensity expected from the DC-280 cyclotron were calculated. Based on
these calculations, the optimal radius and rotational speed of the entrance window were proposed for
DGFRS operating at high intensive heavy ion beams.
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