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Abstract

A feasibility stucy om the Liquid vdrogen (LHz ) absorbers for mon onization oool-
Ing are reported. In muon onization oeoling, a LHz absorber s required o have a
high oooling power greater than 100 W to oool heat deposited by muons passing
throngeh, That heat in LHz can e remowved at either external or mternal heat ex-
changers which are coolad by oold helium gas. As one of the internal heat exchanger
types, & oormvection-type absorber Is proposed. In the comvection-type absorber, heat
is taken away by convection of LHz In the absorber. The heat exchanger efficiency
for the comwection-typee absorbar is caleulabod. A possible desion s presenbed.

Koy words: o oooling, Lquid bnedrogen, energy absorber, ionization loss,
ATV LI

1 Imtroduction

It is revjuired to construct a high ntensity muon beam for future muon zamed
neutrino factories. A high intensity muon beam could be ooolad to reduce its
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beam emittance before its acceleration at the later stage. To do this, muon
lonization cooling which consists of alternating energy absorbing by lonization
less and RIT acceleration has been proposed, and its R&D Is belng pursued
[1,2]. As an emergy absorber, Lil; is the most efficient material owing to its
sufficient onization loss and small wultiple scattering. hultiple scattering
of muons, as a heating process, could disturb the cooling performance, and
therefore it should be mintmized. Muons deposit energy in the LHS absorber by
lonization loss, and this energy loss becomes heating In the Liguid ndrogen. A
muon beam of 10M ~ 1082 ppp, 15 1k, 100 ~ 300 MeV could result in heating
of ~ 100 to 300 VW for absorbers 20 to 3% cu In length. Then, the major bssue
of the LI, absorber RED is how to remove this Large heat deposit.

Twi methods have been considered to cool this amount of heat. One is the
foreed fow cooling of LIls. This method was successfully developed at SLAC
for the LH, target using a cryvogenic pump and an external heat exchanger
[3]- The other method of cooling the LH; absorber is convection cooling with
an Internal heat exchanger. This report mainly focus on the convection-type
LI, absorbher.

2 Convection Type Absorber
21 Cooling Power and Cooling Condition

A fHow diagram of the foreed How cooling is shown in Fig, 1. The SLAC L,
target was operated at 2 atm hydrogen pressure. I'or muon cooling, operating
pressure has been planned at 1.2 atm to minimize the window thickness. The
foreed How type is required to operate at safely at 1.2 atin operation. The
convexction type has a heat exchanger built in ta the absorber as shown In Fig,
2. The comvection type does not require a cryogenic pump and external L,
loop. The total LIT; volwme for the convection type is smaller than that of the
foreed How type. This Is hnportant for the safety problems associatod with a
Hammable gas like hyvdrogen.

The cooling power (':2' of the convection type can be calculated from the tem-
perature Jifference ¢ as follows, If the pressure drop and latent heat of helium
are neglected,

Q = rivyg dHdT (1)
where, 1y, 18 a helium volumme flow rate and @4 Is the helium enthalpy differ-

ence. For example, if the inlet temperature 75, = 5 I\, the outlet temperature
1 = 15 K, and the muon heating €} = 100 W), then iy, becomes 53 {/hr
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in liequicl. This flow rate and the cooling power are achievable by a standard
refrigerator.

2.2 Indivect Heat Exchanger

We have considerad two types of heat exchanger for the LI, convection ab-
sorber. One is a direct heat exchanger pass thoough in LI, as shown n Tl 2.
This heat exchanger is made from a metal tube with fins. The triple point of
byvdrogen is 13.8 I¥. In order to avoid hydrogen solidification, the temperatune
of the inlet helium gas should e kept higher than 138 K. Absorber cooling
power is proportional to a temperature difference betwesn the helium in s
out. YWhen the inlet helium temperature is high, a high helium fow rate is
rexpuiredd.

The absorber with an Indirect type heat exchanger Is shown n Flg. 3.0 The
heat conductivity of metal is on the order of 2 ~ 3 tines larger than LI
at 20 K. Under these conditions, the heat fow will diffuse along and arcund
the absorber, and 1t does not make a cold spot 1o the absorber, whick should
be avolded to eliminate possible solidification of hydrogen. YWe can introduce
hielium gas at lower than 155 IS, using this type heat exchanger.

Using a simple model, the heat transfer cocfficient of heat exchanger Is,

1 o 1
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where Ay po Is the area of the LHp-wall, A4, Is the area of the wall, Ay, is the
areas of the wall-helivm. fip o and By, are the heat transfer coefficients of LIl
aud of helium, respectively. &, Is the heat conductivity of the wall material,
and dr is Its heat trapsfer thickness. Using a numerical vadue of hpgyoe, fie,
b and Appe = Ay = Ag,e and de = (.1 cm, for a direct heat exchanger of
simple metal tube, the order of the ratio of these coefficients becomes

L:107% ;0L (3)
If fins are used on the wall, A e will be improved about 10 times. Then the
ratio of divcct heat exchanger with fins is

Lot o 10— o Lot (4)

For the indirect heat exchanger with fins, when ¢z 1s 1 om for example,

Lo~ 1= o1 ()



Under these conditions, the heat transfer cocfficient of the fin-type Indinect
heat exchanger (Lo, 5) Is almost of the same order as that of the fin-type
direct heat exchanger (Ee. 4).

2.7 Convection and Boiling Heat Transfer

In order to oool high heating power In excess of 100 W, transverse fiow ingice
the L 1s very important. As long as the heat Input is low, natural comvection
an take heat away to the cool wall of the absorber. The computational simu-
lation of natural convection with beam heating has boen performesd. A heater
at bottom meay be able to help the natural convection when the beam heating
is low. When the heating power becomes higher, bubbles are formed on the
beam sods. Pubbles thus formed could enbanee the heat transfer efficiency.
Bubbles rise to the upper wall and stir Li;. Then, bubbles accelerate the
convection speed (holling effect). In the case of liquid nitrogen and a hot wall,
the heat flux with nucleation s about 10 times larger than without nucleation
as shown in [lg, 4 The maxdimum heat Hux from hot metal to LEH; s about
0.0 W/en® at 1 atm and temperature difference between wall and liquid is
055 KK as shown In Iige 5. These data suggest that beam heating of 300 VW
could be cooled with temperature difference of 0255 IS and heat trapsfer soca
of 0.3 m?, if we accept bubble formation. The density fuctuation of LI with
bubble is about 1 ~ 2%, The effact on the muon beam s small because the
intensity fluctuation s averaged over many absorbers. It s difficult to esti-
mate the heat transfer with bubbles formed by high beam flux. In practice,
we have to measure the Ll temperature with high intensity beam using the
prototype absorber.

2.4 Design of Convection Tipe Absorber

The convection-tyc LI; absober with mdirect eat exchanger was designed
as shown 1n Fig. 6. The absorber dimensions were designed for “SIOLIO2™
lattice of the Feasibility Study II neutring factory design [4]. The SIFOFO2
lattioe Is the latter part of the propesed mwuon cooling channel. It has 36 LH
absorbers alternating with RIT cavities. Heating power to each absorber is
about 100 W. The absorber diameter s 22 cn and its length is 21 cm. The
absorber body and its windows will be made from aluminum alloy. The heat
exchanger has 24 fins of 2 mm thickness, 2 mm pitch and 12 mm depth. The
total heat excchange areals 1.7 m®. The windows are carefully designed to min-
imize thickness [3]. The aluminum windows could disturb the muon cocling
process owing to multiple scattering. A test cryostat for convection type ab-
sorber was constructed as g, 7. Cold heliwm gas is introducsd continuously,



cooling: the absorber and radiation shield.

In summary, wo have estimated and designed the test absorber of convection
type. By adopting the indirect heat exchanger and boiling effect, we obtain
enough heat exchange in a convection-type absorber to cool muon beam heat-
gz up to 300 VW per absorber. This absorber snd the crvostat will e used for
tests with beam heating at KEK and 'NAL In futune.
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Figure Captions

Fige 1: Tlow diagram of foroed-flow-type absorber

Flig. 20 Convection type alsorber with direct heat exchanger

Fig. 3z Convection type absorber with indinect heat exchanger

Fig, 4 Ieat flux data for LN, In this case, the hoat Sux with nucleation s

about 10 times larger thean with natural convection only. (In the region of

dl” = 0.1 K, this syvstem became unstable because of film boiling. )

g % Heat flux in Li; natural convection region Is below the x-axis.



Mg, 6z Prototype design of convection type- L absorber with mdivect heat
exchanger

g, Tz Test ervostat for convection type absorber





