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ABSTRACT

The adsorption behavior of H, and N, on two types of granular activated carbon, SC2 and Aquacarb 208C, was investigated in the
cryogenic temperature range using automated high-vacuum gas adsorption measurements. The aim of the study was to identify a suitable
material for potential use as an adsorbent in cryosorption pumps, as required for the SIS100 accelerator at the Facility for Antiproton and 3
Ion Research in Darmstadt, Germany. To characterize the adsorption process, isotherms were measured and evaluated using several S
well-established theoretical adsorption models. These models enabled the determination of specific fundamental surface characteristics of g
the activated carbons, such as pore volume, pore surface, and adsorption energies. Among the models tested, the Dubinin-Radushkevich g
(DR-)theory best described the adsorption behavior of hydrogen on both adsorbents at subcritical temperatures and low pressures while &
enabling predictions under conditions relevant to cryosorption pumps. The DR analysis yielded temperature-independent pore volumes of
388 cm®/g (STP) for SC2 and 417 cm®/g (STP) for 208C. Based on this finding, the SIS100 cryosorption pumps were equipped with 208C as
the adsorbent, with one pump exhibiting a maximum hydrogen uptake capacity of approximately 205 mbar | at 4.5 K.
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I. INTRODUCTION are well below 1 x 1072 mbar at these temperatures." However,
hydrogen, which is typically the predominant gas species in UHV/
XHYV systems, and helium, which may leak as a refrigerant in low-
temperature vacuum systems, cannot be cryocondensed to their

The SIS100 heavy ion synchrotron, the main accelerator of the
FAIR (Facility for Antiproton and Ion Research) complex at the

GSI Helmholtz Center for Heavy Ion Research in Darmstadt, L SPSHELS, & ) X )
Germany, uses almost exclusively superconducting magnets for saturated phase. This limitation is due to their relatively high satu-

beam guidance.”” As a result, 4/5 of the entire beamline vacuum ration vapor pressures, even at temperatures as low as 4.2 K.” Gas
system is maintained under cryogenic conditions at temperatures ~ load-independent hydrogen pumping into the saturated phase,
between 4.5 and 20 K."*’ Cooling to such low temperatures typically ~ Where saturation vapor pressures drop to around 1 x 10~** mbar,
allows the generation and long-term stable maintenance of  Would require temperatures of about 2K, while for helium, a few

extremely low pressures less than 1 x 107'2 mbar in these systems hundred millikelvin would be necessary. In cryogenic accelerator
by cryopumping.” With the exception of hydrogen and helium, all systems using normal-fluid helium at 4.2 K, both gas species can
other vacuum-relevant gas species can be cryocondensed to their only be pumped by cryosorption in the submonolayer region, i.e.,
saturated phase on the surface of the chamber walls with virtually the process preceding cryocondensation, where the vapor pressure
unlimited pumping capacity, since their saturation vapor pressures established still depends on the gas coverage of the cryogenic
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pumping surface. In order to prevent the vapor pressure from
reaching saturation, it is essential to keep the surface coverage sig-
nificantly below one monolayer."’

To ensure this, there are practically only two possible
approaches. The cold vacuum system is either designed to protect
against excessive H, or He gas loads, or the cryogenic pumping
surface area for gas particle adsorption is maximized. The latter
method is used by cryosorption pumps, which typically use
granular adsorbents with large specific surfaces.” At sufficiently low
temperatures, these granular adsorbents are capable of adsorbing
large quantities of gas, making them perfect gas sinks. Cryogenic
accelerator vacuum systems operating at LHe or higher tempera-
tures, such as those of the SIS100, where ultrahigh or extremely
high vacuum pressures are required for beam operation, typically
need auxiliary cryosorption pumps to provide additional pumping
speed for hydrogen and helium.” Cryosorption pumps with highly
porous adsorbents have been proven to be particularly effective.
Extensive R&D studies in the context of nuclear fusion applications
have shown that activated carbon, especially coconut-based types,
offers the most favorable cryosorption performance for H, and
He.””” For the SIS100 cryosorption pumps, two specific types of
activated carbon were therefore identified as suitable candidates.

As the residual gas atmosphere in LHe-cooled vacuum
systems consists primarily of hydrogen, this study focused on char-
acterizing the hydrogen adsorption behavior of both adsorbents,
with emphasis on their adsorption capacities, pore sizes, and pore
distributions. Adsorption measurements with helium were not con-
ducted, as the experimental setup lacked the capability to cool the
adsorbent samples to temperatures below 15 K—the range most rel-
evant for this gas.

The combination of extreme environmental conditions and
the generation of ultrahigh or even extremely high vacuum
pressures render the direct study of gas adsorption on activated
carbon-based adsorbents in cryogenic systems nearly impossible, or
at least a considerable technical and instrumental challenge. In
order to nonetheless characterize the pumping properties of the
adsorbents under typical operating conditions of the accelerator,
measurements were performed in a vacuum pressure range accessi-
ble to current techniques. The results were then analyzed using
widely accepted adsorption theories. By linking the observed
adsorption behavior to a known model, the adsorption at ultralow
and extremely low pressures—otherwise inaccessible to direct
measurements—can be theoretically predicted. The adsorption
behavior of N, on both adsorbents was studied at LN, tempera-
tures, as this is relevant for the consideration of the gas preloading
of the pumps during the cool-down process.

Il. THEORETICAL MODELS FOR GAS ADSORPTION ON
POROUS SOLIDS

Adsorption isotherms are essential for characterizing gas
adsorption on porous materials, as they describe the relationship
between the adsorbed amount and the gas pressure. For clarity in
the interpretation of our measurements, the models applied in this
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A. Langmuir theory

The Langmuir model'’ is based on two key assumptions:
(1) adsorption occurs as a single monolayer and (2) the adsorption
energy is uniform across all surface sites and independent of
surface coverage. This leads to the Langmuir isotherm,

Vads — bp (1)
Vmono 1+ bp ’

where V,qs is the adsorbed volume, Vion, is the volume of the
adsorbate in the monolayer, p is the pressure, and b(T) is the
temperature-dependent adsorption coefficient. In practice, the line-
arized form of Eq. (1),

p 1 1 ’ @

Vads ~ bVmono  Vmono

is preferred, as plotting (p/V,4s) vs p yields a straight line, from
which the slope provides 1/ Vpmono, allowing Viyono to be determined
directly. Once Viyono is determined, the monolayer surface area
Amono can be calculated via

Amono = $Pp0] VmonoNa » (3)

with N4 being Avogadro’s number, p,,; being the molar density,
and s being the cross-sectional area of the gas particles.

B. BET theory

To account for multilayer adsorption, Brunauer, Emmett, and
Teller extended the Langmuir model to encompass multi-layer
adsorption.'’ The central result of this extension is the so-called
BET isotherm,

A
Vads CPs (4)

Vmono (1,?175) (1,?1’S+ CITPS)’

in which C is the temperature-dependent BET constant and ps rep-
resents the saturation vapor pressure of the adsorbate at tempera-
ture T. For practical applications, the linearized BET form is used,

plps 1 C-1 p
Vads®s —P)  VmonoC  VmonoCps ’

®)

for which a linear fit, as in the Langmuir theory, can be performed.

C. Dubinin-radushkevich (DR-)theory

The Dubinin-Radushkevich (DR) theory11 assumes that
adsorption occurs via micropore filling rather than layer-by-layer
accumulation. Micropore sizes are assumed to follow a Gaussian
distribution, with a pressure-dependent adsorption potential ¢
within the pores. Mathematically, the theory is described by

§£:9€:01 9202 Asenuer zz

study are briefly summarized below. The isotherm model equations Vad %
used here apply exclusively to the case of nondissociative adsorp- % = exp[—D¢’] = exp|—D <kaln —) , (6)
tion. Detailed treatments are available in the cited literature. p ps

J. Vac. Sci. Technol. B 43(5) Sep/Oct 2025; doi: 10.1116/6.0004802 43, 054205-2

© Author(s) 2025


https://pubs.aip.org/avs/jvb

JVSTB

Journal of Vacuum Science & Technology B

with k;, being the Boltzmann constant, T the temperature, D =
1/E3 the DR constant, and E, the characteristic adsorption energy.
In the DR equation, the monolayer volume, Viyono, is replaced by
the micropore volume, Vs which is not the same. The characteris-
tic adsorption energy E, is treated as independent of V4, since D
is assumed to be a constant. Experimental data are often analyzed
using the linearized isotherm equation,S’12 ie.,

In Va4 = —D [kb lnp%] 2+ln Vp.

According to an empirical correlation found by Dubinin and
Stoeckli,'” the average micropore half-width ¢ of porous, carbon-
based adsorbents can be deduced if the characteristic energy E, is
known. It reads

2 Eo

d 0.135eV  nm
== B @)

D. t-plot method

The t-plot method'* is a widely used analytical tool in adsorp-
tion studies. By employing this technique, key parameters describ-
ing the adsorption behavior of gases on adsorbent materials can be
estimated by comparing the experimental data to a reference iso-
therm—an empirical curve relating the film thickness ¢ of a nitro-
gen layer adsorbed on a smooth, nonporous surface at 77 K to the
pressure ratio p/ps. Through this comparison, the micropore
volume as well as the external surface area, which corresponds to
the area accessible to multilayer adsorption outside of micropores,
can be determined. However, because the t-plot method depends
on a gas-specific thickness curve, it is most commonly applied to
nitrogen adsorption at 77K, where a well-established reference
curve is available.

E. Density functional theory (DFT)

Density Functional Theory (DFT)"” is a statistical-
mechanical approach to determining the pore size distribution
in materials. DFT determines the equilibrium density profile of
the adsorbed phase by minimizing the system’s free energy,
accounting for wall-fluid interactions. This method is used with
computer support. The algorithm uses precomputed kernels to
model isotherms for pores of various sizes. Experimental
adsorption data are then deconvoluted against these isotherms
to obtain high-resolution pore size distributions. In this analysis,
quenched solid DFT (QSDFT)'® kernels—an extension of classi-
cal DFT that accounts for surface roughness and pore geome-
try—were applied to 77 K nitrogen isotherms to determine pore
size distributions.

lll. EXPERIMENTAL SETUP
A. Activated carbon samples and gases used

Two activated carbon samples, SC2 and Aquacarb 208C, pro-
duced by Chemviron®, were used in this study.

Both carbons were derived from coconut shells and activated
using a high-temperature steam process. Properties for SC2 were
characterized at the Karlsruhe Research Center,'” data for 208C
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TABLE |. Properties of activated carbons of the SC2 and 208C types (Refs. 17 and 18).

Property SC2 208C Unit
Spec. heat (100 °C) 0.80-1.00 N/A kJ/(Kkg)
Bulk Density 0.45-0.48 0.48 glem®
Apparent density 0.80-0.85 0.88 g/cm’
Skeleton density 2.0-2.2 2.15 glem’
Hardness 95-99 98 %
Size (<0.6 mm) 5 5 %
Size (>1.7 mm) 10 8 %
Size (in between) 85 87 %

was provided directly by the manufacturer.'® Table I lists key
physical properties of the two carbon grades. Scanning electron
microscope images are exemplarily shown in Fig. 1(a) for SC2 and
Fig. 1(b) for 208C.

Hydrogen and nitrogen gases (99.999% purity) were used.
Thermophysical properties, such as critical temperature and
pressure, were obtained from the CoolProp database.'”

B. High-vacuum adsorption analyzer autosorb iQ3

Adsorption measurements were conducted using the Autosorb
iQ3 (Quantachrome®), an automated gas sorption system equipped
with integrated gas and vacuum control, a rotary vane backing y
pump, and a turbomolecular pump, as can be seen in Fig. 2.
Measurements between 16 and 300 K were enabled by a cryostat
with temperature control.

The full measurement procedure, including calibration and
cryogenic adjustments, is detailed by Zobel.”’

G€:9€:01 920z Asenuer

(a) SC2 (b) Aquacarb 208C

FIG. 1. Scanning electron microscope images of activated carbon samples:
(@) SC2 and (b) Aquacarb 208C.
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FIG. 3. 77 K nitrogen isotherms for activated carbon SC2 and 208C.

and are detailed in the software manual.”’ The adsorbed volume
(per gram of adsorbent) at STP V,4 was converted into the
adsorbed gas mass (per gram of adsorbent) W using the molar

mass M1,
1 mol
FIG. 2. Autosorb iQ3 configured to measure isotherms at cryogenic W = VagsMuol * 5 —— - (8)
t 22400 cm:
emperatures. o
N
For instance, in the case of the BET theory, the value §
(W(pre — 1)) was plotted against the relative pressure, and theg
IV. EXPERIMENTS AND MEASURING RESULTS linear correlation in the relative pressure range between 0.05 and
0.3 ht.'” s
The results of N, and H, adsorption measurements presented was soug . . . 2
bel btained using th . s and th The monolayer volumes are then determined using a linear fit g
clow were oblained using the same measuring cells an ¢ same of the points (cf. Fig. 4) according to Eq. (5) and the monolayer &

activated carbon samples. areas according to Eq. (3).

A. Adsorption capacity measurements with nitrogen

0.24 -
First, nitrogen isotherms were measured for both samples at the - ;g:g Fit: 2.67 x + 2.98¢-03

boiling point of nitrogen. These 77K N, isotherms are standard 0.224 » sc2
measurements, typically obtained by cooling with liquid nitrogen = PC2 it 3.03 X +.2.876-03

. . . m X
and leveraging its low cost and ease of handling. The results of these B o0 /
measurements are given in Fig. 3 as log p vs log V,4s plots. Both iso- = p
therms show a strongly nonlinear relationship in the double- i ;g
logarithmic representation. Pore condensation near 1000 mbar is - £0.18
evident, caused by capillary condensation close to the boiling point, H e
which artificially increases the measured adsorption. This results 0.16 - %
from the software assuming gas-phase density, while nitrogen begins A
to liquefy, leading to a sharp increase in actual density. L

In this preliminary phase, the samples were characterized
using multiple analytical methods based on the 77 K nitrogen iso-
therm. Together with the results from Sec. V, this provides a quan-
titative benchmark for other cryopumping materials.

The following evaluations were carried out using the ASIQwIN
Software of the Autosorb iQ3, which performs the fitting of the
graphs, calculates the parameters, and executes a DFT calculation.
All calculations are based on the linearized isotherms from Sec. II

0.05

0.06 0.07
Relative Pressure pe = -

0.08

0.09

FIG. 4. Adsorption isotherms for activated carbon SC2 and 208C evaluated
according to the linearized BET equation: Shown is m against py for the
measurement data selected with the BET wizard and the best-fit line according

to Eq. (5).
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TABLE II. Surface characterization parameters for activated carbon SC2 and 208C,
determined from the 77 K nitrogen isotherm using various analytical methods. For
all fits: Error < 0.5% and R? > 0.98.

SC2 208C
Pore vol.  Pore surf.  Pore vol.  Pore surf.
Method (cm’/g) (m*/g) (cm®/g) (m*/g)
Langmuir-plot” 0.481 1352 0.566 1594
BET—plotn 0.408 1149 0.462 1301
DR—plotb 0.422 1188 0.470 1322
t-plot” 0.464 1137° 0.542 1284°
DFT analysis 0.422 1120 0.522 1246

*According to the theory, the determined parameters are the monolayer
volume V000 and the monolayer surface area Apono-

YAccording to the theory, the determined parameters are the microporous
volume V}, and the microporous surface area Ay,

“Difference between the external surface area from Table III and BET
surface area.

The results of the various adsorption theories and the correla-
tion coefficients of the fits are presented in Tables II and III.

Finally, the pore size distribution of both samples was deter-
mined using QSDFT calculations with consideration of slit, cylin-
drical, and spherical pores.

The distribution in Fig. 5 shows that the majority of the pore
volume of activated carbon 208C (about 45%) is located in pores

ARTICLE pubs.aip.org/avs/jvb

~  0.25- Lemm T 0.5
i e -
, "
4 0.20 A a 0.4 §|_||°‘
> /\ /', )
B 0a5{ |\ / s
Q - \ v — 208C 0.3 >
£ ' sc2 o
2 0.10- / —==- 208C Cumulative £
g ! SC2 Cumulative 0.2 %
i
. i
g 0.051 i \ >
£ i
0.00 ! R e
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Half Pore Width § [A]

FIG. 5. Pore size distribution for activated carbon SC2 and 208C obtained by
DFT analysis. Solid lines represent the incremental pore volume distribution
d(f‘,—‘/’z) and dashed lines show the cumulative pore volume as a function of half
pore width.

were recorded for SC2 and 208C (cf. Fig. 6), technical issues with
the measuring cell limited measurements at 20.37 and 27K for
SC2.

Each isotherm was initially analyzed separately using the
Langmuir and BET theories. The corresponding parameters were

© Author(s) 2025

with a half-width (i.e., the distance from the pore center to the obtained using the 1Q3 software (BET) and manual linear fits §
inner wall; for slit pores, half the slit width) of 2.5-5 A. About 20% (I.Jangmulr), as s.ummarlzed in Tables IV and V. These models 2
is located in pores with smaller half-widths, although the exact dis- yield characteristic parameters for each temperature: the monolayer 3
tribution is outside the measured values. About 25% of the pore volume Viyono and either the Langmuir constant b or the BET §
volume is concentrated in pores with a half-width between 5 and ~ constant C. ) 3
7.5A and 10% in pores with a half-width between 10 and 12.5 A. However, bOth ?pproaches lack consistency across tempera- &
For SC2, the distribution is comparable, with the same quantity of ~ tUres, as Vimono exhibits a pronounced dependence on T. This pro- &
pore volume in absolute terms derived from pores with a half- vides evidence that neither the Langmuir nor the BET models are
width below 5 A as for 208C. After that, SC2 has significantly less appropriate for accurately describing the adsorption behavior over
volume in the pores with a larger half-width. Overall, this results in
the lower total pore volume of the activated carbon SC2 compared
to 208C. Both samples hardly show any pores with a half-width =
. ] s -
between 7.5 and 10 A and over 12.5 A. - B | e i R ff;g‘ff g%
[ % 23K 77.35K . £ i\x
N x 27K x 100K X X X XXX
B. Adsorption capacity measurements with hydrogen g 107{ © 412K S - ’f%
The second part of the experimental study involved adsorp- py 5 ’ o A e i
tion measurements with hydrogen. While multiple H, isotherms ‘I‘I‘ 1014 N s e
x x x XX XK
£ x x x x xoxad
TABLE lIl. Additional parameters for activated carbons SC2 and 208C, determined o 109 R i ] vt s ”f
from the 77 K nitrogen isotherm using various analytical methods. g Bk x R Ry
(] x x x X oxox o
Parameter SC2 208C Unit o 10-1/ x . x
£ x SRR .
Half-pore width d/2° 5.39 5.72 A 1032 102 10! 10° 10! 102 103
Char. energy of ads. Ey* 249.8 235.5 meV Volume V.q4: [cm3/g STP]
External surface area” 12.59 17.40 m’/g
a . . FIG. 6. Hydrogen isotherms for activated carbon 208C over a wide temperature
bDeterm{ned by the DR-plot and using Eq. (7). range.
Determined by the t-plot method.
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TABLE IV. Langmuir theory parameters of hydrogen adsorption on SC2 and 208C
activated carbons analyzed with 1Q3 software for a wide range of cryogenic tempera-
tures (20-150 K).

SC2 208C
Vmono, STP b anno, STP b

Temperature (cm?’/ 2) (mbar™") (ecm’/ 2) (mbar™")

20K — — 555 1.15%x 107"
23K 474 1.24x 107" 538 9.10x 1072
27K — — 514 4.89x 1072
30K 424 7.57 x 1072 474 491 %1072
40K 375 3.60 x 1072 405 3.07x 1072
50K 327 2.53x 1072 347 241 x1072
60K 280 1.74 x 1072 289 1.65x 1072
77K 208 6.90x 1072 218 5.95x 1072
100K 126 291%x107° 128 2.63%x107°
125K 84 9.76 x 107* 84 9.18 x 107*
150 K 76 326x107* 77 3.03x107*

an extended temperature range, given that Vieno is, by definition,
expected to be independent of temperature in both theoretical
models.

The Dubinin-Radushkevich (DR-)theory provides a physically
grounded framework for subcritical adsorption, relying on the satu-
ration vapor pressure p;, which is defined only below hydrogen’s
critical temperature (33.15 K). All subcritical isotherms were there-
fore transformed into In V45 vs (kgT'ln (p/ ps))2 plots (see Fig. 7)
and analyzed jointly. The data followed the DR-theory well over a
broad range, with a clearly identifiable linear curve segment.

This linear region can be described consistently for all subcrit-
ical isotherms using only two temperature-independent parameters,
enabling the prediction of isotherms at arbitrary subcritical temper-
atures. At low values of (kgT'In (p/ ps))z, i.e,, high pressures relative
to ps, corresponding to regions where more than 90% of the micro-
pore volume is filled, systematic deviations from linearity occurred,
with measured adsorption exceeding the DR-predicted micropore
volume. This behavior is also evident when comparing the three
theories for a single isotherm (e.g., 27 K in Fig. 8): DR accurately
describes the low-pressure regime, whereas Langmuir and BET
better capture the high-pressure adsorption behavior.

Micropore volumes obtained via DR were V, = 388cm’/g
(STP) for SC2 and V, = 417cm®/g (STP) for 208C, while the

TABLE V. BET theory parameters of hydrogen adsorption on SC2 and 208C acti-
vated carbons analyzed with 1Q3 software for subcritical temperatures (20-30 K).

SC2 208C
Vmono, STP C Vmono, STP C
Temperature (K) (cm3/g) (—) (cm3/g) (=)
20 — — 503 2223
23 422 2945 487 1724
27 — — 470 925
30 342 21683 383 15042
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FIG. 7. DR plot with best-fit line (activated carbon 208C).

values for the DR constants were D = 516eV 2 and D = 551 eV 2,
respectively.

Overall, the DR-theory offers a consistent and physically moti-
vated description of H, adsorption on the activated carbons in the
subcritical regime at low relative pressures with respect to p;.
Unlike Langmuir and BET, which require separate fits for each
temperature, DR enables accurate prediction of adsorption under
conditions matching those encountered in cryosorption pump
operation (cf. Sec. V).

The Autosorb iQ3 conducted measurements automatically
and did not provide experimental error bars. However, based on
hardware specifications and applied corrections, the following
uncertainties can be estimated: pressure readings were taken with
capacitive sensors specified to 1% absolute accuracy; temperatures
at the pressure sensors were monitored with an accuracy of 0.1 K,
while adsorption temperatures fluctuated within 0.5 K, potentially
resulting in a maximum uncertainty of approximately 2% in the

1034

1024

101

100 4

—— DRFit
—— BETFit
Langmuir Fit
x 27K

10-14

Pressure p (T = 293 K) [mbar]

10724+
2 x 102

3 x 10? 4x10° 5x102 6 x 10?
Volume V.4 [cm3/g STP]

FIG. 8. Comparison of theoretical fits (DR, BET, Langmuir) to hydrogen adsorp-
tion isotherm on activated carbon 208C at 27 K.
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measured adsorbed volume. Corrections for nonideal gas behavior
and thermal transpiration were applied automatically. The tempera-
ture profile between the pressure sensors and the adsorption cell
was manually corrected for adsorption processes during calibration
measurements below 100K, contributing an estimated additional
uncertainty of 1%. All fits for nitrogen and hydrogen yielded corre-
lation coefficients above 0.99, and parameter uncertainties for the
manual DR and Langmuir fits remained below 2%. The reported
parameters are therefore considered accurate within the estimated
uncertainties from measurement and fitting.

C. Binding energies of H;, on activated carbons SC2
and 208C

The Clausius-Clapeyron equation,

[d lnp} __Eags (Vads) )
ai k ’
T " Vads !

allows determination of the isosteric adsorption energy E,ds as a
function of relative pore filling V,4s/V,."” This requires deriving
isosteres—i.e., curves of constant adsorbed amount in the pres-
sure—temperature domain—from the measured isotherms.
Isosteres are plotted as In (p) vs 1/T, and E,q; is obtained from the
slope of the resulting curves.

Unlike the DR-theory, which assumes a constant adsorption
energy E,, the Clausius-Clapeyron approach yields a coverage-
dependent E, g, better reflecting physical conditions.

Given the good agreement of the measured H, isotherms with
the DR theory (Fig. 6), a theoretical expression for the coverage-
dependent E,4s can be derived analytically. To achieve this, the
Clausius-Clapeyron  equation, ~which  relates the slope
dIn(p)/d(1/T) to E,gs, is applied following a reordered form of the
DR isotherm [cf. Eq. (6)], where the pressure p is expressed as a
function of inverse temperature 1/T,

(10)

Figure 9 shows the isosteric adsorption energies determined from
both the DR constants and the isosteres as a function of Vias/ V.
The determined adsorption energies fall clearly within the range of
physisorption, which implies a strictly reversible adsorption
process.

For comparison, Fig. 9 also includes E,4,(®) for H, adsorbed
on electropolished stainless steel, based on DR constant obtained
by Chill et al’ For simplicity, this comparison assumes that the
ratio of Hy coverage on the stainless steel surface Oy = 0/ mono
can be compared to the H, gas loading ratio of the activated
carbon, i.e., Oy = Vads/ V.

As expected, H, adsorption energies on activated carbon
exceed those on stainless steel. It is noteworthy that the adsorption
energies of the activated carbon SC2 exhibit a slight superiority
over those of the 208C, despite the latter’s capacity being higher at
the same occupancy. A potential explanation, when considered
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FIG. 9. Comparison of the coverage-dependent adsorption energies of Hy on
activated carbon types (SC2, 208C) and stainless steel (ss).

alongside the DFT pore size distribution, is that at SC2, a greater
proportion of adsorption occurs within pores with a narrower half-
width in comparison to the adsorption observed for 208C. This
likely reflects stronger binding in narrower pores, which enhances
total adsorption energy.

At surface coverages above 85% of the DR micropore volume,
significant deviations from the DR model occur—consistent with
the behavior in Fig. 7.

V. THE SIS100 CRYOSORPTION PUMPS

The results presented herein suggest that activated carbon
Aquacarb 208C can be utilized as an adsorbent material for the
SIS100 cryosorption pumps, given its higher adsorption capacity
compared to that of SC2. The SIS100 vacuum system design calls
for 83 additional cryosorption pumps along the cryogenic beam
line. Due to spatial constraints within the SISI00 cryostats, only
lumped cryosorption pumps can be used. The installation of 60
pumps is planned at intervals of approximately 13 m between each
set of two superconductor dipoles, with the remaining 23 posi-
tioned between selected superconductor quadrupole units. The
design specifications for these pumps (cf. Fig. 10) have been previ-
ously outlined elsewhere,’ so only the main features of the pumps
are summarized here.

Each pump is mounted on a conventional DN100CF flange,
housed in a standard CF nipple, and consists of six circular copper
panels each attached to an axially arranged LHe cooling system
within the nipple using copper screws. The central cooling tube
accommodates both the LHe supply and LHe return line, thereby
enabling efficient and homogeneous cooling of all adsorbent cryo-
panels to 4.5 K. Each panel is double-sided coated with the chosen
granular  adsorbent material, Aquacarb 208C, using a
low-temperature-resistant epoxy resin. A fine-mesh grid prevents
loose activated carbon particles from entering the beam pipe, with
negligible impact on pumping speed. The averaged coating density
of the panels is 0.04 g/cm?, equivalent to 30 g per pump.
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LHe cooling system
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FIG. 10. SIS 100 cryosorption pump.
Based on the adsorption measurements, each pump

can adsorb a gas volume of V. =30 x 417cm?/g(STP)
= 12510 cm?® (STP), which corresponds to a maximum H, amount
of Qmaxth ~ 209 mbarl at a gas temperature of T = 4.5K. This
prompts the critical inquiry of determining the practical maximum
quantity of Hy gas, Qmaxp, that the pump may adsorb, such that
the vapor pressure of the gas phase above the adsorbent remains
below the operational upper pressure limit of some
~1 x 107*? mbar (at 4.5K), as is necessary in the cryogenic accel-
erator sections for beam operation.

Pressure p (T = 4.5 K) [mbar]

10-18 10716 104 10712 10710 10-8

. . . ; . -

1.00 | i

i i

(X R e | i

i i

> 0.98 i i

> o. | |

2 : !
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] 1 H
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—=—=- Saturation pressure H, :

0.94 - --- Designlimit SIS100 !

1 1
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FIG. 11. Adsorption isotherm for the system Hy-activated carbon 208C calcu-
lated using the DR-theory for T =4.5K and ps (T = 293 K) = 2.1 x 105 mbar.
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Qmaxp can be calculated by examining the isotherm, which
indicates the maximum permissible gas coverage of the adsorbent
before the vapor pressure exceeds the upper pressure limit. Using
the determined DR constant, the adsorption isotherm depicted in
Fig. 11 is obtained for H,—Aquacarb 208C at 4.5K. As evident
from the modeled isotherm, the activated carbon has the capacity
to adsorb H, wup to a point close to saturation
(© = Vigs/Vp = 99%) before the vapor pressure exceeds the
~1 x 1072 mbar threshold. It must also be taken into account that
the epoxy resin blocks the adsorbable surface area of activated
carbon by approximately 1%. Consequently, based on DR-theory, a
pump with 30g of adsorbent material can practically adsorb
approximately Qmayp ~ 205mbarl, at 45K, while meeting the
SIS100 pressure requirements.

VI. SUMMARY AND CONCLUSION

This study examined the adsorption properties of activated
carbons SC2 and Aquacarb 208C. Nitrogen adsorption isotherms
were measured, and the results showed that 208C exhibited greater
pore volumes and adsorption capacities than SC2. Density func-
tional theory (DFT) analysis of the pore size distribution revealed a
similar pattern for both carbons. For hydrogen, 208C exhibited a
higher adsorption capacity than SC2. The DR analysis proved
reliable for describing hydrogen adsorption on both activated
carbons across a broad subcritical temperature and pressure range.
The DR analysis yielded a temperature-independent pore volume
of Vi, = 388cm®/g (STP) for SC2 and Vp ~ 417 cm’ /g (STP)
for 208C.

The results support the use of 208C in SIS100 cryosorption
pumps. Subsequent analysis determined that a single pump operat-
ing at 4.5K can adsorb up to 205mbarl of H, while maintaining
the SIS100 vacuum pressure below 1 x 1072, The DR analysis also
enabled calculation of the surface coverage-dependent adsorption
energies E,4(©). H, adsorption energies on activated carbon were
significantly higher than on electropolished stainless steel. This
finding is important in the event of a sudden loss of cooling
capacity in the liquid helium (LHe) supply of the accelerator, as the
beam pipes would then warm up and the hydrogen previously
cryosorbed on the cold surfaces could be released, causing pressure
spikes. Since both the beam pipes and the cryosorption pumps
in the SIS100 are connected to the same LHe cooling circuit,
the chambers and pumps warm up simultaneously. However,
due to the differing binding energies, hydrogen desorbs from
the inner surfaces of the stainless steel pipes at lower temperatures
than from the activated carbon in the cryosorption pumps.
Temperature-programed desorption (TPD) theory shows that, in
the event of a sudden onset of a temperature rise that proceeds lin-
early in time, hydrogen adsorbed on a stainless steel surface reaches
its desorption maximum as early as 17 K. In contrast, hydrogen
adsorbed on activated carbon reaches its desorption maximum
only at approximately 26 K.
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