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A B S T R A C T 

The standard model of cosmic ray heating-induced desorption of interstellar ices is based on a continuous representation of the 
sporadic desorption of ice mantle components from classical (0 . 1 μm) dust grains. This has been re-e v aluated and developed 

to include tracking the desorption through (extended) grain cooling profiles, consideration of grain size-dependencies and 

constraints to the efficiencies. A model was then constructed to study the true, sporadic, nature of the process with possible 
allowances from species co-desorption and whole mantle desorption from very small grains. The key results from the study are 
that the desorption rates are highly uncertain, but almost certainly significantly larger than have been previously determined. 
For typical interstellar grain size distributions it is found that the desorption is dominated by the contributions from the smallest 
grains. The sporadic desorption model shows that, if the interval between cosmic ray impacts is comparable to, or less than, 
the freeze-out time-scale, the continuous representation is inapplicable; chemical changes may occur on very long time-scales, 
resulting in strong gas phase chemical enrichments that have very non-linear dependences on the cosmic ray flux. The inclusion of 
even limited levels of species co-desorption and/or the contribution from very small grains further enhances the rates, especially 

for species such as H 2 O. In general, we find that cosmic ray heating is the dominant desorption mechanism in dark environments. 
These results may have important chemical implications for protostellar and protoplanetary environments. 

Key words: astrochemistry – molecular processes – cosmic rays – dust, extinction – ISM: molecules. 
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 I N T RO D U C T I O N  

n the dense, cold, environments of molecular clouds the, often
ery rich, chemistry is determined by both gas-phase and solid-state
eactions. These are interconnected by the freeze-out of gas-phase
pecies and the sublimation, or desorption, of solid-state species. 

In dense gas with a cold dust component, freeze-out is very rapid
and typically faster than the time-scale for dynamical evolution), so
hat the desorption processes are required to explain the observed
bundances of gas-phase species (e.g. Tafalla et al. 2004 ; Caselli
t al. 2012 ). Indeed, the observed presence of tightly bound complex
rganic molecules (e.g. Cernicharo et al. 2012 ) is indicative of
he presence not just of efficient desorption, but also of energetic
rocesses that drive the chemistry of their formation. 
Obviously, to understand the chemical composition and evolution

f a molecular cloud or star-forming region, it is essential to have
n accurate understanding of the desorption processes. A variety of
echanisms have been proposed but, broadly speaking, these can be

ivided into continuous processes, and sporadic processes (Roberts
t al. 2007 ). Examples of the former include thermal desorption
Watson 1976 ), photodesorption (direct and cosmic ray induced) –
ften driven by the photodissociation of molecules in the surface
ayers of ice mantles, and desorption that is driven by the enthalpy
f molecule formation in the solid-state (e.g. Minissale et al. 2016 ).
xamples of the latter include ice mantle ‘explosions’ following

he release of trapped chemical energy (e.g. Cecchi–Pestellini et al.
 E-mail: jcr@star.ucl.ac.uk 
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010 ) and desorption driven by the impact and passage of cosmic
ay particles through a grain (e.g. L ́eger, Jura & Omont 1985 ;
ase ga wa & Herbst 1993 ; Bringa & Johnson 2004 ; Herbst & Cuppen
006 ). 
In recent years considerable attention has been paid to photodes-

rption processes, which may operate dissociatively (e.g. for H 2 O) or
on-dissociatively (e.g. for CO) in the surface layers of ice mantles
e.g. Öberg et al. 2009 ; Öberg, van Dishoeck & Linnartz 2009 ). Such
rocesses, which typically have a yield of ∼10 −3 , are believed to
e particularly important in regions of intermediate extinction ( A v ∼
 − 10) due to direct photodesorption by the attenuated interstellar
adiation field, but also in regions of higher extinction, where the
V radiation field is dominated by the indirect cosmic ray excitation
f H 2 Lyman and Werner bands (Prasad & Tarafdar 1983 ). Indeed,
hotodesorption is often taken to be the dominant desorption process
n cold, dense environments. It has been suggested that this may even
e true in very high density, dark cores (Caselli et al. 2012 ). 
Desorption can also be effected as a result of impulsive heating

y (heavy ion) cosmic ray particles as they pass through grains.
o we ver, whilst photodesorption has been very well studied, both

heoretically and in the laboratory, the same cannot be said for
osmic ray induced desorption and the ef fecti ve rates that have been
etermined for this process are almost entirely theoretical. 
In the standard representation, which we describe in the following

ection, the mechanism is one of sporadic heating by cosmic ray
mpact events, leading to grain heating and the rapid thermal
esorption/sublimation of ice mantle species. These impacts are
are (typically occuring once every Myr) but they promote very
f ficient, possibly e ven catastrophic, desorption so that the net effect
© 2022 The Author(s) 
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n the chemical abundances (particularly of gas-phase species) may 
e highly significant. 
In this paper, we argue that – even within the commonly adopted 

aradigm in which cosmic ray induced desorption is represented 
y a continuous process – following periodic whole grain heat- 
ng/desorption by cosmic rays of a single type and energy – the 
ates have been severely underestimated. There are a variety of 
easons for this; including an underestimation of the grain cooling/ice 
 v aporation time-scale, a lack of consideration of ice species co-
esorption and the effects of consideration of varying grain sizes and 
osmic ray properties/energies. The last of these has been considered 
n recent publications (see Section 7 below) and we do not discuss
t in this study. Ho we ver, the other issues have not been considered
omprehensively, nor has the effect of simplifying the sporadic grain 
eating to a continuous desorption process. Once these factors have 
een included we find that, for most species of astrochemical interest, 
osmic ray-induced desorption is almost certainly the dominant 
esorption mechanism in the denser, darker parts of star-forming 
egions, but remains very poorly constrained. 

The structure of the paper is as follows: In Section 2 , we give
n outline of the physical processes that are involved in cosmic 
ay induced desorption and describe the continuous desorption 
epresentation that is widely adopted in astrochemical models. The 
xtension of this model to more realistic grain size distributions is
xplained in Section 3 , whilst in Section 4 we consider the limitations
f that model, and their implications, as well as the possible major
ontribution to the process that is made by very small grains. In
ection 5 , we describe a model that includes the sporadic nature
f the desorption events, as well as the possibility of ice species
o-desorption, and the results from that model are presented and 
iscussed in Section 6 . Section 7 compares our findings to other,
ecent, studies and a summary of our findings and the conclusions 
re given in section 8 . 

 COSMIC - R AY  I N D U C E D  DESORPTION  

he physics of the interaction between a cosmic ray particle (typi-
ally, a high energy massive ion) and an ice-coated grain is complex.
n the context of how that interaction effects ice mantle sublimation or 
esorption the process is often (o v er-)simplified as being represented 
y the sporadic heating of the whole grain. The resulting desorption 
hat is driven by the heating of grains and the sublimation of ices is
ery poorly understood/quantified. 

In fact, the interaction between a cosmic ray and an icy grain
as several physical stages (Bringa & Johnson 2004 ): as the particle
asses through a grain it causes excitations, ionizations, and deposits 
nergy within an approximate cylinder of interaction, with a typical 
adius of ∼100 Å. The instantaneous effects of this interaction are 
nitially manifest at the areas on the surface of the grain where
he cosmic ray particle enters and exits, the so-called ‘hotspots’, 
nd spread to the rest of the grain as a result of thermal diffusion.
he nature and physics of this interaction is empirically ill-defined, 
ut molecular dynamics simulations suggest that the physical pro- 
esses can be divided into four phases: (i) initial excitations and 
rimary/secondary ionizations. It has been estimated that as much 
s 40 per cent of the impact energy could be carried away by fast
lectrons (L ́eger et al. 1985 ), (ii) relaxation/recombinations, leading 
o prompt desorption of hot atoms from the ‘hotspots’, possibly 
eading to a heat-spike pressure pulse capable of significant energy 
ransfer, (iii) localized thermal diffusion and e v aporation – ‘thermal 
pike sputtering’ and then, finally, (i v) thermal dif fusion throughout 
he grain – ‘whole grain heating’ (WGH) and e v aporati ve cooling.
he relative importance of the different phases (and the resulting 
esorption of the ices) will depend on a number of factors. So, for
xample, it is obvious that if the grain size is comparable to the
idth of the interaction cylinder then the distinction between these 
rocesses becomes very unclear. 
Most studies of cosmic ray driven desorption are predicated on 

he assumption that the deposition of energy following a cosmic 
ay impact leads either to ‘hotspot’ heating or, more usually, whole
rain heating that dominates the desorption process due to thermal 
 v aporation (e.g. Hase ga wa & Herbst 1993 ) or else through the
riggered release of trapped chemical energy in exothermic reactions 
d’Hendecourt et al. 1982 ; L ́eger et al. 1985 ; Schutte & Greengerg
991 ; Rawlings et al. 2013 ) leading to total sublimation in ice
antle ‘explosions’. In addition to promoting efficient ice desorption, 

osmic ray-induced reactions in the ices between supra-thermal 
issociation products may drive the efficient formation of complex 
rganic molecules (COMs; Shingledecker et al. 2018 ) and the heating 
rocess may also enable the ef ficient dif fusion of solid-state species,
riving a vigorous surface chemistry (Kalv ̄ans 2016 ). 
The astrochemical significance of cosmic ray induced desorption 

as described in the seminal study of L ́eger et al. ( 1985 ) in the
ontext of a model in which the energy deposition by the passage
f a cosmic ray particle, or an X-ray photon, through a grain
ffects thermal desorption of ice mantle species, or else triggers 
he release of trapped chemical energy in an ice mantle ‘explosion’.
he calculations included the effects of both whole grain heating 
nd spot heating, the latter being particularly important for the larger
rains. To assess the possible importance of chemical explosions, the 
tudy paid particular attention to heating events that are capable of
ielding T peak > 27 K, this being the nominal temperature threshold
o enable the mobility of radicals and trigger a chemical explosion
d’Hendecourt et al. 1982 ). 

Despite the fact that such cosmic ray impacts are infrequent 
typically one per Myr, when considering ‘classical’ grains of radius 
.1 μm) the effects on the chemistry were found to be significant.
n their model, L ́eger et al. ( 1985 ) considered iron nuclei impacting
livine grains, although this has been extended in subsequent studies 
o consider different grain compositions and a wider range of cosmic
ay types and energies (e.g. Shen et al. 2004 ). 

.1 The continuous desorption r epr esentation 

he process described abo v e is sporadic, with long intervals between
mpact events. This is not particularly easy to incorporate into 
strochemical models, the subject of which may be environments 
n which the physical conditions are evolving on comparable, or 
horter, time-scales. 

In order to provide an easily applicable analytical implementation, 
ppropriate for models of time-dependent chemistries, Hase ga wa & 

erbst ( 1993 ) – hereafter HH93 , formulated a continuous represen-
ation of the desorption process, and this has become the standard
odel that has been adopted in most subsequent astrochemical 

tudies. As indicated abo v e, the mechanism involv es the raising of
he grain temperature to a level such that the ices can sublimate. The
fficiency of the process thus depends on the binding energies of the
arious ice species and the energy and impact rate of the cosmic rays.

As well as the representation of the sporadic process by continuous
esorption, the HH93 representation is based on the following 
hree important simplifications: (i) the desorption process is entirely 
ominated by whole grain heating/e v aporation, (ii) the grain size
istribution for the interstellar dust particles can be represented by 
 single ‘classical’ grain size value of a = 0 . 1 μm, and (iii) the
MNRAS 517, 3804–3821 (2022) 
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osmic ray spectrum can be represented by a single (average) energy
eposition of � E ∼ 0.4 MeV occurring (on average) at intervals
f t impact ∼ 1 Myr (for a 0.1- μm grain) corresponding to impacts
y relativistic Fe nuclei with energies in the range 20–70 Mev. The
nergy deposition is proportional to the path-length through the grain
L ́eger et al. 1985 ; Bringa & Johnson 2004 ), so that this implies a
ean ‘stopping power’ of 20 Gev cm 

−1 . With these parameters,
H93 determined that, the temperature of the grain would be raised

o a peak value of T peak ∼ 70 K, assuming WGH. 
The grains then cool by e v aporati ve cooling, caused by desorption

f ice species (ef fecti vely releasing an energy greater than or
qual to the local binding energy of each ejected molecule). For
he grain size and temperature under consideration this is more
fficient than radiative cooling and occurs on a very short time-
cale ( ∼10 −5 s −1 ), eventually quenching the desorption. Rather than
ollow the desorption through any one heating/cooling event, the
implification is made that the desorption all occurs at T = T peak 

or a nominal cooling time ( t cool ); noting that thermal desorption
s strongly temperature-dependent. The cycle is then repeated. For
 peak = 70 K, thermal desorption is only significant for the more
eakly bound (volatile) species, such as CO and CH 4 and it is

mportant to try and quantify the desorption efficiency as accurately
s possible when modelling the chemistry of these species. 

This, of course, is only strictly applicable to ices whose compo-
ition is dominated by volatile species and is based on a number
f important additional assumptions including: (iv) the requirement
hat there are sufficient volatile molecules in the top layer of the
ce to enable e v aporati ve cooling, (v) that the inferred continuous
esorption rate for any species does not imply a net loss in any one
ooling cycle that exceeds the available budget of molecules in the
ce, and (vi) that a single binding energy can be used to describe
he cooling throughout the e v aporation process etc. The model is
herefore predicated on the assumption that one (volatile) species is
he o v erwhelmingly dominant component of the (surface layers) of
he ice mantles so that it is (a) the principal sublimate, and (b) the
ominant (e v aporati ve) coolant. In HH93 , this species is taken to
e CO, and these assumptions are probably satisfied in regions that
re very cold, dense and where advanced freeze-out has occurred.
o we ver the validity of these, and the other assumptions, is discussed
elow. 
To represent the episodic process as a continuous desorption rate,

 

CO 
crd (per bound molecule, per second) the thermal e v aporation rate
at T = T peak = 70 K) is then multiplied by the ‘duty cycle’, equal to
he cooling time-scale ( t cool ) divided by the average interval between
osmic ray impacts ( t impact ): 

 

CO 
crd = k CO 

e v ap . 

[
t cool 

t impact 

]
. 

The rate of thermal sublimation (per molecule) for a zeroth-order
rocess is given by 

 

i 
e v ap = ν i 

0 e 
−E i B /kT dust s −1 , (1) 

here E 

i 
B is the binding energy of the adsorbate species i , usually

xpressed as a temperature ( T i B = E 

i 
B /k), T dust is the dust temperature

nd ν i 
0 is the vibration frequency of the adsorbed molecule given by 

i 
0 = 

√ 

2 N s kT i B /π
2 m i , (2) 

here N s is the number of binding sites per unit area, and m i is the
ass of the adsorbed particle. Typically, ν0 = 10 12 –10 13 s −1 . 
Assuming that T dust = T peak = 70 K and T B = 1200 K for CO (as

pecified in HH93 ), with N s = 10 15 cm 

−2 this yields k CO 
e v ap ∼ 3 . 1 ×
NRAS 517, 3804–3821 (2022) 
0 4 s −1 , and the e v aporation time-scale for one molecule (1/ k CO 
e v ap ) ∼

 × 10 −5 s. With these values of T dust and T B , HH93 estimated that
he cooling time-scale for a grain t cool = 10 −5 s −1 (not to be confused
ith the e v aporation time-scale per molecule). So with t impact =
.16 × 10 13 s (1 Myr), the duty cycle is ∼3.16 × 10 −19 and the
alue for the CO desorption rate as given in HH93 is obtained:
 

CO 
crd = 9 . 8 × 10 −15 s −1 . 

Finally, the volumetric e v aporation rate (cm 

−3 s −1 ) of a species i
an be determined: 

˙ i = k i crd σH n H N s f i , (3) 

here f i is the fractional surface co v erage of species i , σ H is the
rain surface area per hydrogen nucleon, and n H is the hydrogen
ucleon density. Or, expressed as the rate of change of the fractional
bundance of the coolant species CO ( X CO ): 

˙
 CO = k CO 

crd σH N s , 

here we have assumed that f CO = 1. 
Alternatively, the desorption rate can be determined by considering

he energetics of the process. The advantage of such an approach
s that (assuming the various assumptions listed abo v e hold) the
qui v alent continuous desorption coefficient is simply defined by the
umber of CO molecules that are required to effect cooling ( N CO ),
nd the interval between cosmic ray impact/heating events – and is
ssentially independent of the details of the peak grain temperature
nd cooling time-scales etc. Thus, e v aporation will continue until a
ufficient number of CO molecules have been ejected so as to cool
he grain. 

Therefore: 

 CO .kT CO 
B ∼ f E .�E, 

here f E is the fraction of the total deposited energy ( � E ) that is
emo v ed by e v aporati ve cooling in any one cooling cycle. 

The cooling rate (whether by e v aporati ve, or radiati ve cooling) is
roportional to the grain surface area and the e v aporation rate per
olecule (e.g. equation 3 of L ́eger et al. 1985 ) so that, for a single

rain: 

 CO = 

d E 

d t 
= k CO 

e v ap . 4 πa 2 .N s .f CO .kT CO 
B , (4) 

here a is the grain radius. The cooling time-scale ( t cool ) is then
iven by 

 cool ∼ f E .�E 

� CO 
. 

ote that t cool depends on both the e v aporation rate and the grain
urface area. 

The number of molecules that are e v aporated from a single grain
n a period of time equal to t cool is then given by 

 i = k i e v ap .t cool . 4 πa 2 .N s = k i crd .t impact . 4 πa 2 .N s . (5) 

Identifying CO as the coolant species and using the values adopted
y HH93 ; T CO 

B = 1200 K, a = 0 . 1 μm, � E = 0.4 MeV, and t cool =
0 −5 s, a value of f E = 0.1 is implied. This gives N 

CO 
cool ∼ 3 . 9 × 10 5 

nd corresponds to cooling from a peak value of ∼70.8 to ∼67.1 K.
hese values of f E and N 

CO 
cool have probably been underestimated, as

iscussed in Section 4 below. 

.1.1 Desorption rates for other species 

he same formalism described abo v e can be used to determine the
qui v alent desorption rates for other species ( k i crd ) for a given grain
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adius ( a ). The cooling and impact time-scales ( t cool and t impact ) and
ence the duty cycle are fixed, so that – given k CO 

crd – the rates simply
cale according to: 

k i crd 

k CO 
crd 

= 

k i e v ap 

k CO 
e v ap 

nd 

 

i 
crd = k CO 

crd 

[
T i B 

T CO 
B 

m CO 

m i 

]1 / 2 

exp 

(
T CO 

B − T i B 

T peak 

)
. 

he v alues gi ven in table 4 of HH93 can be retrieved using this
imple relationship. 

We should, ho we ver, note that even assuming the same values for
he physical parameters as in HH93 , there is considerable uncertainty 
n these rates and some other studies have yielded significantly 
if ferent v alues. So, for example, by considering more localized 
ce mantle ‘hotspot’ heating Bringa & Johnson ( 2004 ) calculated a
ate for H 2 O desorption that is approximately 30 times larger than
he HH93 v alue. Alternati vely, Herbst & Cuppen ( 2006 ) applied
 detailed continuous-time random walk Monte Carlo approach to 
he heating of grains and the e v aporation of molecules to obtain
tochastic desorption rates. Using a different (and wider) spectrum 

f cosmic rays they determined larger cosmic ray fluxes (and hence a
horter t impact = 10 5 yr), and lower peak temperatures, but yielding a
ignificantly larger value of k CO 

crd = 5 . 7 × 10 −13 s −1 . In addition, there
re considerable uncertainties in the rates deriving from assumptions 
bout the grain morphology, size distribution, thermal connectivity, 
he nature and spectrum of the cosmic rays etc. 

 EX TEN SION  TO  OTH ER  G R A I N  SIZES  

.1 Dependence on the grain size 

f we accept the ‘late time, whole grain thermal desorption’ physical 
odel of HH93 and the various assumptions specified in the previous 

ection hold, then it is fairly easy to adapt the formalism beyond the
classical’ scenario. The continuous desorption representation can 
hus be applied to different cosmic ray fluxes and grain sizes, so long
s 25 K � T peak � 150 K. This corresponds to impacts on grains with
adii in the range 0 . 03 μm � a � 0 . 25 μm. 

Ho we ver, the model cannot be extended to very small, or very
arge grains. There are several complicating issues for the small 
rains; first the ‘granularity’ of the stochastic nature of the process
ecomes more important; t impact scales as the inverse of the geometric 
ross-section, so that for a = 0.01 μm, t impact = 100 Myr. This is
ery much larger than the time-scale for changes in the physical and
hemical environment of the dust grains. Secondly, for grains smaller 
han ∼ 0 . 02 μm, the radius of the cosmic ray ‘impact cylinder’ is
omparable to the grain radius and the desorption efficiency may be 
uch higher, due to the increased significance of the direct, impulsive 

esorption mechanisms (e.g. as described by Bringa & Johnson 
004 ). Thirdly, for the smallest grains, where T peak � 150–160 K,
he situation is further complicated by the facts that desorption and 
ooling by the less v olatile, b ut dominant bulk ice component, H 2 O,
ay become important, depending on the assumptions concerning 

he binding energy and the nature of the desorption process. In
ddition, a greater proportion of the grain will be composed of ice, as
pposed to refractory material, with a different cosmic ray stopping 
ower. Fourthly, and perhaps most significantly, for the smallest 
rains there may be an insufficient number of molecules in the ice
o allo w ef ficient e v aporati ve cooling. Together with the high peak
emperatures and electron fluxes and the possibility of total grain 
isruption, these factors suggest that for these grains something akin 
o e xplosiv e whole mantle desorption may take place. 

As small grains dominate the interstellar size distribution the 
mplications are that the desorption of volatile species may be o v eres-
imated by the the HH93 formalism (due to the ice budget limitation),
hilst that for strongly bound species – including complex organic 
olecules (COMs) – could be significantly underestimated (due to 
hole mantle desorption/grain disruption). 
For the larger grains (where T peak � 25 K), radiative cooling

tarts to dominate o v er e v aporati ve cooling, whilst for a � 0 . 25 μm,
cylinder/spot heating’ and desorption at the cosmic ray entry/exit 
ites becomes more significant than whole grain heating. In addition, 
n additional term in the energy deposition should also be included
ue to the effects of lower energy cosmic rays, whose flux is ill-
etermined in dark cloud cores (L ́eger et al. 1985 ). Both these effects
ould result in significantly larger desorption rates than are predicted 
y the HH93 model. 
Ho we ver, within the range 0 . 03 μm � a � 0 . 25 μm, and on the

ontinued assumption that CO is the dominant ice component (and 
oolant) in the surface layers, we can easily scale the formulae
iscussed in the previous section to obtain the desorption rate for
ust grains of different sizes. 
As already noted, cosmic rays of a specific energy have an

pproximately uniform ‘stopping power’ or energy deposition rate 
er unit length (normalized to a deposition of � E = 0.4 MeV, for a
rain with a = 0 . 1 μm in HH93 ). Thus 

E = 0 . 4 MeV 

(
a 

0 . 1 μm 

) (
ζ

1 . 3 × 10 −17 s −1 

)
. (6) 

he temperature-dependence of the specific heat of refractory dust 
rains is reasonably well-known (L ́eger et al. 1985 ) so that T peak for
rains of different sizes can easily be calculated for an appropriately
caled value of � E using the expression; 

E = 

4 

3 
πa 3 

∫ T peak 

T 0 

C vol . T dT , 

here a is the grain radius, C vol. is the volumetric heat capacity [in
 cm 

−3 K 

−1 , as given by equations 1a and b in L ́eger et al. ( 1985 )],
nd T 0 , T peak are the initial and peak grain temperatures. 

We then obtain (for 10 < T peak < 50 K): 

 

3 
peak = 3 . 28 × 10 5 

(
a 

0 . 1 μm 

)−2 

+ T 3 0 (7) 

nd (for 50 < T peak < 150 K): 

 

2 . 3 
peak = 1 . 597 × 10 4 

(
a 

0 . 1 μm 

)−2 

+ 4 . 87 × 10 −2 T 3 0 + 1990 . (8) 

We also note, again assuming that CO is the dominant adsorbate
nd coolant species, that for an individual grain, k CO 

crd and N 

CO 
cool are

imply related through equation ( 5 ). The interval between cosmic
ay impacts is inversely proportional to the cross-sectional area of 
he grain, so that 

 impact = 3 . 16 × 10 13 

(
0 . 1 μm 

a 

)2 (1 . 3 × 10 −17 s −1 

ζ

)
. (9) 

Here it is important to note that the energy deposition ( � E ), and
ence N 

CO 
cool , are proportional to the grain radius ( a ), whilst the interval

etween cosmic ray impacts is inversely proportional to the grain 
ross-section ( t impact ∝ a −2 ). Hence the CR-induced desorption rate
oefficient k CO 

crd ∝ a. The same dependency on grain radius can be
educed from equation ( 5 ) noting that the cooling time-scale ( t cool )
MNRAS 517, 3804–3821 (2022) 
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or an individual grain depends on the energy deposition ( ∝ a ) and
he inverse of the grain surface area ( ∝ a −2 ) as well as the e v aporation
ime-scale (itself a function of the peak temperature and, hence, the
rain radius). 
This observation is different to what has been deduced/assumed

n some recent studies (e.g. Zhao, Caselli & Li 2018 ; Sipil ̈a, Zhao &
aselli 2020 ) which are based on the erroneous assumption that

dentifies the e v aporation time-scale for the coolant molecule with
he cooling time-scale for the grain, so that it does not have an
xplicit grain size-depenence. This was not claimed in HH93 and is
elf-evidently incorrect (the cooling time-scale being proportional to
he e v aporation time-scale di vided by the grain radius, as described
bo v e) – e.g. see equation (3) of L ́eger et al. ( 1985 ). The source of this
onfusion is almost certainly due to the fact that, for 0.1 μm grains,
nd with the parameters used in HH93 , both time-scales are of the
rder of 10 −5 s −1 . Obviously, this error is unimportant in the context
f models that duplicate the parameters used in HH93 , but it has
erious implications when scaling the results for different species,
rains sizes and cosmic ray spectra etc. Consequently, compared
o previous studies, we obtain somewhat different results for the
esorption rates averaged over representative grain size population
istributions. 

.2 Application to grain size distributions 

n molecular clouds where the effects of ice grain coagula-
ion/agglomeration are not significant, an empirically constrained
t to the observed interstellar extinction curve is given by a sim-
le power-law distribution of (uncoated) dust grain sizes (Mathis,
umpl & Nordsieck 1977 ), hereafter MRN, so that the number of
rains with radii between a and a + da is given by n ( a )d a = n 0 a −3.5 

efined within the approximate limits of 0 . 005 μm < a < 1 . 0 μm. 
Ideally, the gas–grain interactions – including the accumulation

nd composition of ices should be followed for a population of
ust grains of different sizes, weighted according to the grain size
istribution. Unfortunately, the microscopic description of freeze-out
nd desorption of a multigrain fluid becomes extremely complicated
nce the sporadic nature of the process is taken into account, and
ll the more so in dynamically evolving environments where the
ynamical time-scales may be comparable, or less than, the time-
cale between cosmic ray heating events ( t impact ). 

Ho we ver, in the simplified case of assumed continuous desorption
rom homogeneous ice mantles we can obtain order-of-magnitude
stimates for the population-averaged desorption rates. For the MRN
istribution, and depending on the limits of the distribution, the value
f the implied dust surface area per hydrogen nucleon ( σ H ) lies in the
ange 3–8 × 10 −21 cm 

2 . We adopt a standard value of 6.0 × 10 −21 cm 

2 

n this study. 
We can compare the value of the cosmic ray desorption rate for CO

v eraged o v er this distribution ( k CO 
crd ), to that obtained for a single size

rain distribution ( a = 0 . 1 μm, as used by HH93 ) on the assumption
hat both distributions yield (i) the same value of the dust-to-gas ratio
by mass), or (ii) the same surface area per hydrogen nucleon. 

Using the assumption of a fixed dust-to-gas mass ratio we note
hat, since the product of k CO 

crd . 4 πa 2 scales as a 3 , as does the dust

ass distribution, then, k CO 
crd = k CO 

crd (0 . 1 μm), irrespective of the grain
ize distribution. 

Alternatively, assuming that the grain surface area is fixed, then
e obtain: 

 

CO 
crd = 

∫ 
k CO 

crd ( a ) . 4 πa 2 .n ( a )d a ∫ 
4 πa 2 .n ( a)d a 

(10) 
NRAS 517, 3804–3821 (2022) 
o that, with k CO 
crd ( a) ∝ a, this gives: 

 

CO 
crd = k CO 

crd (0 . 1 μm) 
√ 

a min a max 

a 0 
. 

Using a slightly truncated MRN distribution (for the reasons
escribed abo v e), with a min = 0 . 03 μm and a max = 0 . 25 μm we
btain k CO 

crd = 0 . 87 k CO 
crd (0 . 1 μm) . Note, ho we ver, that the ratio is

lose to unity and is fairly insensitive to the assumed range
f the grain size distribution. e.g. for 0 . 02 μm < a < 0 . 25 μm:
 

CO 
crd = 0 . 71 k CO 

crd (0 . 1 μm), whilst for 0 . 03 μm < a < 0 . 5 μm: k CO 
crd =

 . 22 k CO 
crd (0 . 1 μm). 

Previous studies, based on the different understanding of the
ooling time-scale (e.g. Zhao et al. 2018 ), have obtained slightly
ifferent results for the population-averaged rate for the principle
esorbate and coolant; CO. Thus k CO 

crd = 1 . 05 k CO 
crd (0 . 1 μm). Although,

n the case of CO, this discrepancy is small there is a very significant
ualitati ve dif ference between the two approaches; as pointed out
bo v e, studies which do not include an explicit grain size-dependence
f t cool yield k CO 

crd ∝ a 2 . Thus, for an MRN-type of grain size
istribution, the integrand in the numerator of equation ( 10 ) is ∝ a 0.5 

nd the desorption is therefore weighted towards the larger grains in
he distribution (Sipil ̈a et al. 2020 ). Ho we ver, we find that k CO 

crd ∝ a 

nd the integrand is ∝ a −0.5 so that it is the smaller grains that
ontribute most to the population-averaged desorption rates. 

This is an important point since, as we have already noted, the
hysics of the desorption process become complex and are ill-
efined for the smallest grains. Additional complications will arise
rom the fact that, compared to the larger grains, it is likely that the
omposition of the surface layers of the ices will be quite different
or the smallest grains. The significance of the smaller grains will
e slightly slightly reduced due to the fact that for these grains the
ce, which has a lower cosmic ray ‘stopping power’ than refractory

aterial, makes up a greater proportion of the total (ice + refractory)
olume of the mantled grains. This mitigation will not, ho we ver,
iminish the fundamental conclusion that small grains dominate the
esorption. Moreo v er, it should also be noted that cosmic rays of
ifferent energies (and with lower stopping powers) will be more
ble to heat small grains to temperatures sufficient for evaporation
o occur, further biasing the desorption towards the small grain
opulation. 
As stated abo v e, the differences are not particularly strong in the

ase of CO, but the situation is obviously much more complicated
or other (less abundant) species in the ices. For these species, the
esorption and cooling are not closely coupled as they are in the
ase of CO. In general, they will have different binding energies and
ence different dependencies of the sublimation rate on the peak dust
emperature that (unlike CO) are not so strongly constrained by the
alance between deposition energy and number of molecules that
re desorbed. As the smaller grains (with higher peak temperatures)
ominate, this implies that population-averaged desorption rates for
pecies with E 

i 
B > E 

CO 
B have probably been strongly underestimated

n previous studies, and we investigate this possibility in the next
ection. 

 R E V I S I O N  O F  T H E  C O N T I N U O U S  

ESORPTI ON  M O D E L  

he representation of cosmic ray induced desorption, which is
n intermittent, stochastic, process by a continuous desorption
ormulation was implemented for the sake of simplicity and ease
f use in astrochemical models of time-dependent chemistry where
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Table 1. Parameters for the models. 

Parameter Value 

Helium abundance (He/H) 0.1 
Carbon abundance (C/H) 1.5 × 10 −4 

Nitrogen abundance (N/H) 7.4 × 10 −5 

Oxygen abundance (O/H) 2.5 × 10 −4 

Sulfur abundance (S/H) 1.0 × 10 −7 

Sodium abundance (Na/H) 1.0 × 10 −8 

Gas temperature ( T g ) 10 K 

Initial dust temperature ( T 0 d ) 10 K 

Minimum temperature for e v ap. cooling ( T min 
d ) 25 K 

Cosmic ray ionization rate ( ζ ) 1.3 × 10 −17 s −1 

Dust surface area per hydrogen nucleon ( σH ) 6.0 × 10 −21 cm 

−2 

Surface density of binding sites ( N s ) 10 15 cm 

−2 

Ice layer thickness ( � a ) 3.7 Å
Mean dust grain albedo ( ω) 0.5 
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ate equation descriptions are employed. We have already noted that 
everal assumptions and simplifications have been made, notably 
hat the desorption is primarily driven by whole grain heating. The 
nclusion of other desorption mechanisms (e.g. as described by 
ringa & Johnson 2004 ) implies that there is potentially a very
ide range in the theoretically determined value of k CO 

crd . 
Ho we ver, e ven within the context of the HH93 model, there are

ome limitations and unqualified assumptions which we identify and 
iscuss in this section. The issues that we address are: 

(i) consideration of limitations to the desorption rates set by the 
vailability of the desorbed species and/or coolant molecules, 

(ii) underestimation of the cooling time-scale (and hence the 
eriod of time during which mantle desorption occurs), 
(iii) the treatment of sporadic desorption as a continuous process, 
(iv) the possibility of species co-desorption, and 
(v) special consideration of very small grains. 

We consider all of these points in this study. In addition, it should
lso be noted that the HH93 model was limited to consideration of
rains of one size, being impacted by cosmic rays of a single type
nd energy. This limitation has been addressed in recent studies (e.g. 
ilsbee, Caselli & Ivlev 2021 ) but here we note that, in addition to the
dditional uncertainties concerning the characeristics and attenuation 
f the cosmic ray energy spectrum, the dust grain size population, 
nd their thermal properties etc., the large uncertainties inherent in 
he abo v e list may limit the value of such studies. Therefore, for the
urpose of this study, we have not included a discussion of these
ssues. 

.1 Compositional limitations 

ue to the stochastic nature of the cosmic ray induced desorption 
rocess, the desorption rate for any species dictated at the micro- 
copic level and is necessarily limited by the energy budget and 
he availability of that species. Clearly, the continuous desorption 
odel becomes meaningless if it ef fecti vely translates to a situation in
hich the implied number of desorptions per cosmic ray impact/event 

xceeds the number of molecules in the ice mantle. 
As previously noted; for the range of desorption temperatures that 

e consider, e v aporati ve cooling is the dominant cooling mechanism
L ́eger et al. 1985 ). Thus, for a single grain, the product of k cool 

e v ap .t cool 

s determined by the requirement that the number of desorbed 
olecules multiplied by their binding energy is some fraction of the 

nergy deposition ( � E ). For � E ∼ 0.4 MeV, this equates to ∼10 6 

O molecules in the HH93 model (assuming that CO is the dominant
olatile component of the ice, and therefore the dominant coolant). 
his is a large number; the formalism therefore only holds if there
re � 10 6 CO molecules in the ice before the desorption event starts.
his is a non-trivial requirement. Continuing with the assumption 

hat CO is the dominant e v aporate and coolant, we can compare
 

CO 
cool with the number of available binding sites in the surface layers

f the ice. Assuming that the total ice thickness is significantly less
han the bare grain radius ( a 0 ), which is true for classical 0.1- μm
rains, then: 

 

CO 
cool = 4 πa 2 .N s .f CO .n L 

here n L is the number of ice layers, and f CO is the fractional surface
o v erage of CO. With the values given in Table 1 and assuming a
ure CO ice ( f CO = 1) then 

 

CO 
cool = 1 . 26 × 10 6 n L . 
Thus, each desorption event would result in the sublimation of ∼1
onolayer of ice. Indeed if, as discussed below, t cool is significantly

arger than the values used in HH93 , this required level of desorption
ay amount to several layers of ice (in the case of classical grains)

r ev en e xceed the a vailable ice reserv oir (in the case of the smallest
rains). Throughout this discussion we must remember that the 
odel is only appropriate to those regions where there are substantial

epositions of ices in which CO is the dominant component. This
s likely to be true in the darkest, coldest, and most dense parts of
olecular clouds/quiescent star-forming regions. 
The situation becomes even more complicated for low abundance 

olatile species which, to satisfy the implied desorption rate, may 
eed to be ‘excavated’ from sub-surface levels, raising the issue of
he diffusion of species from the mantle interiors to the surfaces.
he importance of the ‘budgetary limitation’ can most clearly be 
een if we consider the desorption of highly volatile species. For
xample, atomic hydrogen, which has a very low surface binding 
nergy, will have – according to the HH93 formulation – a very 
igh value of k H crd ∼ 6 . 0 × 10 −9 s −1 . This would effectively mean
hat, in the continuous desorption representation, H atoms would be 
bsent from ices. So, in table 5 of HH93 we see that, by balancing
he desorption and accretion rates, the ratio of gaseous to surface
bundances of H atoms would be 1.6 × 10 4 . Since the gas-phase
bundance of H atoms in dark clouds is typically ∼1 cm 

−3 , this
mplies a surface abundance of H-atoms that is so low as to preclude
he existence of surface hydrogenation reactions. In reality, so long 
s the time-scale for accretion is less than the cosmic ray impact
ime-scale, H atoms would accrete on to cold grains and build up a
ubstantial surface abundance for most of the desorption cycle, only 
eing (efficiently) sublimated at each desorption event. 
We can calculate the maximum possible value for k i crd , based on

he extreme, yet unlikely, situation of complete mantle desorption. 
ere we consider the corresponding equi v alent desorption rates and

hen simply state that the continuous desoprtion rates that we have
alculated abo v e cannot possibly e xceed these values. In that case,
he injection of species i (cm 

−3 , per desorption event) is 

n i = ( X 

i 
ice ) 0 .n H , 

here ( X 

i 
ice ) 0 is the fractional abundance of species i in the solid

tate, at the time of the desorption event (and, obviously, assuming
hat there is no continuous cosmic ray induced desorption). Thus, 
ith the assumption that n H is not time-dependent, this equates to 

˙ i = 

( X 

i 
ice ) 0 .n H 
t impact 

. 
MNRAS 517, 3804–3821 (2022) 
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omparing this to the continuous cosmic ray induced desorption rate,
iven by equation ( 3 ), we obtain 

 

i 
crd ( max ) = 

( X 

i 
ice ) 0 

σH N s t impact f i 
. 

dopting values from Table 1 and making the assumptions that (a)
he ice is well-mixed so that f i is approximately equal to ( X 

i 
ice ) 0 

ivided by the total ice abundance, and (b) most of the oxygen has
rozen out (predominantly in the forms of H 2 O or CO), so that the
otal ice abundance is ∼2 × 10 −4 , then we find 

 

i 
crd ( max ) ∼ 1 . 0 × 10 −12 

(
a 

0 . 1 μm 

)2 (
ζ

1 . 3 × 10 −17 s −1 

)
= 

(
33 . 3 

t impact 

)
. (11) 

It is important to realize that this is an extreme upper limit and so is
uite a stringent constraint. It therefore implies that the values given
n HH93 for the desorption rates for highly volatile species such as
, H 2 , He, C, N, O, CH, NH, and NH 2 are greatly o v erestimated.

ndeed, if one adopts the larger value of t cool discussed abo v e and
onsiders the smaller grains ( a ∼ 0 . 03 μm) then this upper limit will
e important for dominant ice components such as CH 4 , N 2 , NH 3 ,
nd even CO. Moreover, we should also be aware that the volatile ice
omponents are probably more abundant in the outer layers of the
ce than they are in the interior, further reducing the implied value of
 

i 
crd (max). 

.2 Extended cooling 

n the HH93 study the cooling time-scale ( t cool ) was very loosely
efined and both it and the number of coolant molecules sublimated
rom the surface ( N cool ) have probably been significantly underesti-
ated. The value of t cool ∼ 10 −5 s used in HH93 corresponds to a drop

n temperature of a grain of radius a = 0 . 1 μm from its peak value
f ∼70 to ∼67.1K, a reduction of the e v aporation rate by a factor
f ∼2, and ∼10 per cent of the energy deposited by a cosmic ray
mpact being lost through e v aporati ve cooling (i.e. f E ∼ 0.1). Indeed,
y the time that the dust grain temperature has fallen to 60 K, some
1.3 × 10 6 molecules will have e v aporated and the e v aporation rate
ill have fallen to ∼6 per cent of its peak value. 
Ho we ver, e ven at this level, the implied cooling time-scale is

till many orders of magnitude less than the time-scales for either
reeze-out, or cosmic ray impacts ( t impact ) so that e v aporation will
ontinue until radiative cooling starts to become significant and/or
he rate of freeze-out of the coolant species becomes comparable
o the e v aporation rate. For the classical (0 . 1 μm) grains that were
he basis of the L ́eger et al. ( 1985 ) study radiative cooling only
ecomes dominant once the grain temperature has fallen to ∼25 K.
ore detailed recent studies (e.g. Kalv ̄ans & Kalnin 2020b ; Sipil ̈a,

ilsbee & Caselli 2021 ) suggest that the threshold temperature may
e somewhat higher although, as discussed below, the desorption
ates are very insensitive to this value. The rate of freeze-out
cm 

−3 s −1 ) of a neutral species, i , is given by 

˙ i = −n H n i σH S i 

(
kT g 

2 πm i 

)1 / 2 

, 

here S i is the sticking coefficient (typically assumed to be ∼1), and
 g is the gas kinetic temperature. With the values of σ H and T g given

n Table 1 the freeze-out time-scale for CO (when d( n CO ) ∼ n CO ) is
hus 

CO 
fo = 2 . 4 × 10 4 

(
10 5 cm 

−3 

n H 

)
yr . 

ith our assumption that the coolant species is CO with a binding
nergy of T B = 1100 K, the gas temperature is 10 K, the sticking
NRAS 517, 3804–3821 (2022) 
oefficient S CO = 1, the ice is composed of CO only and that there
as been efficient conversion of C to CO in the gas phase, then the
reeze-out and desorption rates are equal when T dust ∼ 20–22 o v er
he gas density range n H = 10 5 –10 7 cm 

−3 . 
We therefore adopt a value of T min 

D = 25 K in this study. Cooling
rom the peak temperature of ∼70 K to this value then corresponds to
 E ∼ 0.95 – that is to say, e v aporati ve cooling can ef fecti v ely remo v e
early all of the deposited impact energy. In fact, as shown below,
he total time-integrated desorption rate is not at all sensitive to the
alue of T min 

D as the great majority of the e v aporation occurs the
igher temperatures, due to the exponential form of the e v aporation
ate. In any case, this is significantly larger than the value of f E ∼ 0.1
dopted in HH93 which implies that the desorption rates may be of
he of the order of ∼10 × larger than those determined in that study.

To quantify the total desorption rate, integrated through an
mpact/cooling cycle, rather than assume that the desorption of
ll species occurs at a fixed temperature ( T peak ) for a single time
eriod ( t cool ), we have performed calculations that determine the
ime-dependence of the dust grain temperature ( T d ) and hence the
umber of molecules desorbed as a function of time for each species,
ntegrated from T peak to T min 

d . This approach is applicable, so long as
he cooling time-scale is significantly less than those for the gas-phase
hemistry and freeze-out, or the interval between cosmic ray impacts.
he total number of molecules desorbed from a grain per heating
vent can then be converted to an ef fecti ve continuous desorption
ate using the abo v e formulae. 

The relationships between the grain temperature and energy (in J)
an be derived from equations ( 6 ), ( 7 ), and ( 8 ): For T d ≤ 50 K 

 d = 1 . 724 × 10 6 
(

0 . 1 μm 

a 

)
E 

1 / 3 (12) 

hilst for 50 < T d ≤ 150 K, 

 d = 

[ 

2 . 5 × 10 17 E 

(
0 . 1 μm 

a 

)3 

+ 1990 . 25 

] 1 / 2 . 3 

. (13) 

The initial increment in the thermal energy and the peak dust
emperature are defined by the energy deposition per cosmic ray
mpact ( � E ). The initial (pre-impact) temperature of dust grains is
aken to be T 0 d = 10 K. For our purposes we assume that the cooling
ate (and hence the desorption rates) are determined on the basis of
ure e v aporati ve cooling by a single coolant species (typically CO)
ith an invariant binding energy, that dominates the composition
f the surface layers of the ice mantles. As shown below, this is a
easonably fair approximation. 

With this assumption, the e v aporation rate (s −1 ) for the coolant
pecies is given by equation ( 1 ). The desorption rate for a single
rain is then given by 

˙ cool ∼ k cool 
e v ap . 4 πa 2 N s 

nd the cooling rate is given by equation ( 4 ) (with f CO = 1). Thus,
he time-dependence of the dust temperature and the total cumulative
esorption of the coolant species (and other species, using the same
ormalism) can easily be determined. 

Table 2 sho ws ho w the dust grain temperature and number of
oolant molecules that are e v aporated ( N cool ) varies with time follow-
ng the impact of a cosmic ray for two values of the coolant molecule
inding energy: (a) 1100 K, and (b) 1200 K. These calculations have
een performed assuming ‘classical’ (0.1 μm) dust grains and track
he the cooling and desorption of the various species from T d =
 peak = 70.6 K, down to T d = T min 

d = 25 K. 
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Table 2. The time-dependence of the dust temperature and the number of 
desorbed coolant molecules per grain, for a grain radius of a = 0 . 1 μm. 

T cool 
B = 1100 K T cool 

B = 1200 K 

Time (s) T dust (K) N cool Time (s) T dust (K) N cool 

2.3( −7) 70.6 4.2(4) 9.6( −7) 70.6 3.8(4) 
1.3( −6) 69.6 2.1(5) 5.4( −6) 69.6 1.9(5) 
3.0( −6) 68.2 4.0(5) 1.3( −5) 68.2 3.7(5) 
7.9( −6) 65.7 7.7(5) 3.5( −5) 65.7 7.0(5) 
5.7( −5) 58.8 1.7(6) 2.9( −4) 58.8 1.5(6) 
1.1( −3) 49.5 2.7(6) 8.1( −3) 49.5 2.4(6) 
1.9(5) 25.0 4.0(6) 1.2(7) 25.0 3.7(6) 
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As can be seen from this table, the full cooling time-scale (to reach
 

min 
d ) is quite long ( ∼10 5 –10 7 s) and moderately sensitive to the value
f T cool 

B (particularly once T d � 50 K), although it is many orders
f magnitude smaller than the time-scale for gas-phase chemical 
rocesses, or for the freeze-out of molecules on to grains, ( τCO 

fo ) or the
nterval between cosmic ray heating events ( t impact ). In any case it is
mportant to note that, in both cases, the great majority of the coolant
olecules are e v aporated within a few milliseconds. This implies 

hat the assumed value of T min 
d is not critical to the determination of

he desorption rates. The table also confirms our observation that the 
otal level of desorption (and hence cooling) at the nominal value of
 cool = 10 −5 s adopted by HH93 , is approximately a factor of 10 × less
han the value obtained when the full cooling to T min 

d is considered. 
These calculations were repeated for grains with different radii 

ithin the specified range (0 . 03 < a < 0 . 25 μm), with appropriate
caling for the energy deposition (as given by equation 6 ), and the
nterval between cosmic ray impacts (as given by equation 9 ). The
otal number of of each species that is desorbed per impact/heating 
vent ( N i ) can then be converted to an equi v alent continuous
esorption rate using equation ( 5 ). The values calculated in this way
ere limited so as to be less than the maximum value of k i crd (max)
iven by equation ( 11 ) above. Results from these calculations are
hown in Tables 3 , 4 , and 5 . These give the equi v alent desorption
ates calculated using the full cooling calculation for the lower and 
pper limits of the assumed grain size distribution (0.03 and 0.25 μm)
s well as for the nominal ‘classical’ grain size of 0 . 1 μm. 

Table 3 shows the results obtained for selected species. For these 
alculations, and in most of the models described below, we have 
sed the binding energies given in HH93 . Whilst we recognize 
hat some of these values have been updated in recent years we
ave taken this approach for ease of comparison and to identify the
ignificance of the effects of extended cooling and/or the capping 
f the desorption rates described abo v e. Ho we ver, in the case of
 2 O, the value used in HH93 ( T H 2 O B = 1860 K) is significantly lower

albeit possibly applicable to mixed ices) than the values currently 
dopted. We therefore use T H 2 O B = 4800 K (Minissale et al. 2016 ),
ut also include results obtained using the HH93 value, designated 
 2 O 

† , for comparison. The table includes, again for comparison, the
esorption rates given in table 4 of HH93 . These were calculated for
 grain size of 0.1 μm and so should be compared to the extended
ooling calculations for a = 0 . 1 μm. Note that some of the values in
his table and also Tables 4 and 5 have been ‘capped’ at the maximum
alue, as given by equation ( 11 ). 

As expected, the extended cooling results in an increase in the rates
or volatile species (such as CO, N 2 , and NH 3 ) by approximately an
rder of magnitude, whereas the rates for more tightly bound species 
such as H 2 O, H 2 S, and CO 2 ) are only larger by a factor of � 2 ×.
or these species, the desorption rates fall very rapidly soon after 

he grain temperature drops from its peak value and little desorption 
ccurs in the extended cooling period. For the same reason, the 
esorption rates for these species are much more strongly sensitive 
o the grain size than they are for the volatile species: the smaller
rains have higher peak temperatures so that desorption of tightly 
ound species can persist for a longer fraction of the cooling period.
In these tables we also include the value for the desorption

ates av eraged o v er an MRN grain size distribution, as given by
quation ( 10 ). It should be noted, ho we ver, that these v alues are
ighly uncertain due to (a) the assumed limits of the grain size
istribution: we adopt 0 . 03 μm < a < 0 . 25 μm, for the reasons given
bo v e, but if – for example – the lower limit is reduced to 0 . 01 μm,
hen the mean rates would be reduced by a factor of ∼2 for weakly
ound species (such as CO and N 2 ) but enhanced by an order of
agnitude or more for strongly bound species (such as H 2 O and
CS) as one approaches the total desorption limit for the smallest
rains, and (b) the assumption that the composition of the surface
ayers of the ice is independent of the the grain size. In fact, in the case
f the simple model that we investigate below, this approximation is
easonably accurate. 

Looking at the table, we can see that the MRN-weighted desorption
ates are similar to the rates for 0.1- μm grains for the volatile
pecies but are very much larger (in some cases by several orders of
agnitude) for the more tightly bound species. As explained above, 

he rates for these species are much larger for the smaller grains in
he distribution – and the average over the distribution places more 
eight on these small grains. 
As a general result, it should be noted that the combined effects

f including an extended cooling profile and av eraging o v er a grain
ize distribution are to result in significantly larger values of the
esorption rates for both volatile species (primarily due to the 
xtended cooling) and tightly bound species (due to the contributions 
rom small grains) and to yield a narrower range of rates than found
n previous studies. 

Unfortunately, there is is considerable uncertainty in the binding 
nergies for the various species, and especially in mixed composition 
predominantly apolar) ices. Therefore, in Table 4 we give the 
alculated desorption rates as a function of binding energy for a
pecies of mass 10 amu, and assuming that the mean coolant species
inding energy is 1200 K. Whilst the rates depend on both the binding
nergy ( T B ) and the mass ( m i ), the mass-dependence is only present
n the vibration frequency of the adsorbed molecule ( ν0 ∝ m 

−1 / 2 
i ;

quation 2 ). This may therefore be more useful for astrochemical
odelling purposes; for a specified binding energy, a value of the

esorption rate (either for ‘classical’, 0.1- μm grains, or MRN- 
veraged) can be taken from this table and then scaled according
o 

 

i 
crd = 

(
10 amu 

m i 

)1 / 2 

k 10amu 
crd 

subject to k i crd ≤ k max 
crd ) where m i is the mass of the species (in amu).

The binding energy of the coolant species (assumed to be CO)
s, itself, quite uncertain – especially in mixed ices – and so results
btained for a binding energy of 1100 K are shown in Table 5 for
omparison. This shows that for species with T B � 1200 K, the
ates are ∼5–10 × smaller, although for species with larger binding 
nergies the difference is � 2 ×. 

.3 Sporadic desorption and ice species co-desorption 

here is obviously a discrepancy between the sporadic, instanta- 
eous, sublimation of the surface layer(s) of ices and its represen-
ation by a continuous surface desorption operating o v er the entire
ycle, during which the physical conditions and composition of the 
MNRAS 517, 3804–3821 (2022) 
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Table 3. Cosmic ray desorption rates (s −1 ) for selected species with extended cooling 
times. T bind is the adopted binding energy (in K) for the species (taken from HH93 – but 
see text in section 4.2 for H 2 O). Values are given for grain sizes of 0.01, 0.1, 0.25 μm and 
av eraged o v er an MRN size distribution. Those labelled with a � are upper limits. Rates 
from HH93 are also given, for comparison. 

Species T bind (K) k ( HH93 ) k (0.03 μm) k (0.1 μm) k (0.25 μm) k (MRN) 

CO 1210 9.8( −15) 2.9( −14) 9.2( −14) 1.7( −13) 7.3( −14) 
CH 4 1360 1.6( −15) 1.3( −14) 8.5( −15) 2.4( −15) 1.0( −14) 
NH 3 1110 5.0( −14) 9.0( −14) � 9.9( −13) 5.3( −12) 9.3( −13) 
N 2 1210 9.8( −15) 2.9( −14) 9.2( −14) 1.7( −13) 7.3( −14) 
SiO 3500 8.2( −29) 4.3( −20) 9.0( −29) 4.4( −41) 8.9( −21) 
H 2 CO 1760 4.4( −18) 8.0( −16) 1.2( −17) 1.9( −20) 2.6( −16) 
CO 2 2500 1.1( −22) 1.0( −17) 1.7( −22) 2.5( −29) 2.3( −18) 
HCN 1760 4.6( −18) 8.4( −16) 1.2( −17) 2.1( −20) 2.8( −16) 
HNC 1510 1.5( −16) 3.8( −15) 5.8( −16) 2.4( −17) 1.8( −15) 
HNO 1510 1.4( −16) 3.6( −15) 5.4( −16) 2.2( −17) 1.7( −15) 
H 2 S 1800 2.4( −18) 5.9( −16) 5.9( −18) 6.0( −21) 1.9( −16) 
C 2 S 2500 9.8( −23) 8.8( −18) 1.5( −22) 2.2( −29) 2.0( −18) 
HCS 2000 1.2( −19) 1.6( −16) 2.6( −19) 2.1( −23) 4.5( −17) 
O 800 3.7( −12) 9.0( −14) � 1.0( −12) � 6.3( −12) � 9.8( −13) � 

OH 1260 6.3( −15) 2.5( −14) 4.7( −14) 4.7( −14) 3.8( −14) 
O 2 1210 9.1( −15) 2.7( −14) 8.6( −14) 1.6( −13) 6.8( −14) 
H 2 O 

† 1860 1.4( −18) 5.8( −16) 3.3( −18) 1.6( −21) 1.7( −16) 
H 2 O 4800 – 6.4( −23) 1.2( −36) 4.6( −56) 1.3( −23) 

Table 4. Cosmic ray desorption rates (s −1 ) for a species of mass 10 amu as a 
function of binding energy for extended cooling times, with T cool 

B = 1200 K. 
Values are given for grain sizes of 0.01, 0.1, and 0.25 μm and averaged over 
an MRN size distribution. Those labelled with a � are upper limits. 

T bind (K) k (0.03 μm) k (0.1 μm) k (0.25 μm) k (MRN) 

≤1100 9.0( −14) � 1.0( −12) � 6.3( −12) � 9.8( −13) � 

1200 4.9( −14) 1.6( −13) 2.9( −13) 1.2( −13) 
1400 1.2( −14) 4.7( −15) 7.0( −16) 7.5( −15) 
1600 3.4( −15) 2.0( −16) 2.3( −18) 1.3( −15) 
1800 1.0( −15) 9.5( −18) 8.5( −21) 3.3( −16) 
2000 3.3( −16) 4.8( −19) 3.4( −23) 9.0( −17) 
2200 1.1( −16) 2.5( −20) 1.4( −25) 2.7( −17) 
2400 3.5( −17) 1.3( −21) 6.0( −28) 8.2( −18) 
2600 1.2( −17) 7.2( −23) 2.6( −30) 2.6( −18) 
2800 3.8( −18) 4.0( −24) 1.2( −32) 8.5( −19) 
3000 1.3( −18) 2.2( −25) 5.2( −35) 2.8( −19) 
3500 8.6( −20) 1.7( −28) 7.2( −41) 1.8( −20) 

Table 5. Cosmic ray desorption rates (s −1 ) for a species of mass 10 amu as a 
function of binding energy for extended cooling times, with T cool 

B = 1100 K. 
Values are given for grain sizes of 0.01, 0.1, 0.25 μm and av eraged o v er an 
MRN size distribution. Those labelled with a � are upper limits. 

T bind (K) k (0.03 μm) k (0.1 μm) k (0.25 μm) k (MRN) 

≤ 1000 9.0( −14) � 1.0( −12) � 6.3( −12) � 9.8( −13) � 

1100 5.3( −14) 1.7( −13) 3.1( −13) 1.3( −13) 
1200 2.5( −14) 2.8( −14) 1.5( −14) 2.6( −14) 
1400 6.9( −15) 1.1( −15) 4.3( −17) 3.3( −15) 
1600 2.1( −15) 4.8( −17) 1.5( −19) 7.2( −16) 
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urface layers of the ice mantles are liable to change. Notably, if
he chemical time-scales and in particular, that for freeze-out, are
omparable or longer than the cosmic ray impact time-scale then we
an envisage that the effects of successive desorption events may be
ble to accumulate. 
NRAS 517, 3804–3821 (2022) 
Moreo v er, the notion that the thermal desorption rate of each
pecies is defined by the single composition binding energy of that
pecies is simplistic and unsupported by laboratory data. These show
hat the desorption properties of different species are coupled so
hat, in many cases, they tend to sublimate in several, distinct, ‘co-
esorption bands’ (Collings 2004 ; Viti et al. 2004 ; Öberg et al.
005 ; Collings et al. 2015 ). Indeed, the various binding energies
hat are reported are highly uncertain and are usually defined
or pure ice compositions and/or binding to bare refractory grain
urfaces. In the first-order e v aporati ve desorption mechanism, the
ibration/binding characteristics are defined in the context of the
olecular environment. Thus, the binding energies are not intrinsic

ut, instead, depend upon the composition of, and the degree of
e gre gation within, the ices. If, for example, we consider a situation
n which a polar molecule with a large binding energy (such as
 2 O) resides as a minority component within a mixed apolar ice,

omposed of molecules with a low binding energy (such as CO), the
ircumstances that would result in the neighbouring CO molecules
eing sublimated, whilst leaving the H 2 O molecules behind are
ighly contrived. This point was raised in the original study L ́eger
t al. ( 1985 ), who suggested that for ices of mixed volatile/non-
olatile composition, desorption would probably occur through
hemical explosions and posssibly fast spot heating. 

It would be very difficult to simulate the co-desorption of different
pecies in models of continuous desorption as the desorption rates
ill be critically dependent on the ice mantle composition and

tructure at the time of the heating events. 

.4 Application to very small grains 

he effects of cosmic ray driven chemistry in cold ices have been
hown to be very significant, especially in the formation of complex
rganic molecules (Shingledecker et al. 2018 ), but a more direct ‘hot’
hemistry may be more applicable in the case of very small grains
VSGs), with a ≤ 0 . 03 μm. As shown in Bringa & Johnson ( 2004 ),
rains do not have to be very much smaller than the classical size of
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.1 μm for prompt and thermal spike sputtering processes to become 
ignificant. Indeed, for the smallest grains, these processes will 
ominate and molecular dynamics models suggest there is a strong 
ossibility of refractory core disruption and/or melting (e.g. see fig. 1 
f Bringa & Johnson 2004 ). In addition, the high local electron fluxes
nd ionizations/dissociations will enhance the desorption efficiency 
nd very possibly drive a rich gas-phase chemistry, perhaps leading to 
he formation of COMs. For these grains, it is therefore apparent that
oth the peak temperatures and also the total desorption efficiencies 
ill be higher than the simple scaling laws suggest. 
For VSGs the thickness of the ice mantle may be comparable to,

r larger, than the refractory cores, in which case the geometrical 
ncrease of the surface area of the ice layers must be taken into
ccount. For these grains; 

 CO � 

4 π

3 

(
a 3 − a 3 0 

) N i 

�a 

here a 0 is the (bare) grain radius, a = a 0 + n L � a is the the radius
f the grain with n L layers of ice and � a is the thickness of an ice
ayer. With the values given in Table 1 , for VSGs, we find 

 CO = 1 . 13 × 10 5 
[
(1 + 0 . 037 n L ) 

3 − 1 
]
. 

o, n L = 20, 30, and 50 correspond to N CO = 4.8 × 10 5 , 0.95 × 10 6 ,
nd 2.5 × 10 7 , respectively. This, of course, underestimates N CO as it
oes not take account of the increased path-length (and hence energy 
eposition) for cosmic rays passing though grains with relatively 
hick ice mantles. In fact, if we consider the extreme case of a 0 →
, i.e. a pure ice grain, then we can identify an ‘ice grain’ radius at
hich the energy deposition is matched by the binding energy of the

assumed pure) ice. This is: 

 = 0 . 64 
√ 

f ice /T 
cool 

B 

here f ice is the energy deposition efficiency (‘stopping power’) in 
ce relative to that for refractory grain material. With f ice ∼ 0.5 
nd T cool 

B = 1200 K, this gives a = 0 . 013 μm, implying that total
antle desorption will indeed be applicable to the smallest grains in 
 typical MRN-type distribution. Although this is a very approximate 
alculation, even if we include the refractory core in this calculation, 
hen we conclude that it is highly likely that for grains with a �
 . 02 μm complete mantle desorption will occur. 
Such processes, which involve bulk/volume sublimation, are hard 

o quantify by (continuous) surface desorption rates. Total mantle 
esorption would be equi v alent to a continuous desorption injection 
ate (cm 

−3 s −1 ) of: 

˙ i = ( n i ) 0 /t impact , 

here ( n i ) 0 represents the solid-state abundance of species i at the
ime of the cosmic ray heating event, and in the absence of the
ontinuous cosmic ray heating desorption . Ho we ver, ( n i ) 0 is not
nown in the continuous desorption model, so that we need to 
onsider the chemical processes in individual desorption events to 
scertain the significance of whole mantle desorption. 

 T H E  M O D E L  O F  SPORADIC  DESORPTI ON  

o understand the implications of the issues that we have raised 
n the previous section; (a) a true representation of the sporadic 
esorption, (b) co-desorption of ice mantle species, and (c) total 
antle desorption for VSGs, requires a different approach to the 

ontinuous desorption approximation that is normally used. 
To investigate these issues; most significantly the differences and 

iscrepancies that may occur as a result of representing the sporadic 
eating and desorption processes by continuous desorption rates 
e hav e dev eloped a model that follows the chemical evolution of

he gas-phase and gas–grain chemistry through several cosmic ray 
mpact cycles. 

The model is based on a simple one-point, dynamically static, 
pplication of the STARCHEM model that we have used in other
tudies (e.g. Rawlings & Williams 2021 ). For the purpose of our
tudy, we assume that the system is well-evolved and in chemical
uasi-equilibrium, which is consistent with our understanding of the 
onditions within dense cores and pre-stellar star-forming regions 
e.g. Rawlings, Keto & Caselli, in preparation). Thus the chemistry 
s evolved with fixed physical conditions (density, temperature, 
xtinction etc.) with the DLSODE integration package. Note that 
t is considerably more difficult to construct and apply meaningful 
odels in dynamically evolving systems, particularly those for which 

he rele v ant time-scales are short compared to the desorption cycling
ime-scale. 

The model is similar to that applied to other dark cloud en-
ironments, the main features of which are as follows: the time-
ependent chemistry is followed of some 81 gas-phase and 17 solid-
tate species, composed of the elements H, He, C, N, O, S, and a
epresentati ve lo w ionization potential metal; Na, coupled through a
etwork of 1250 reactions. Reaction data is taken from the UDFA12
ata base. The g as-phase, g as-grain (freeze-out and desorption) and
urface chemistry (limited to the simple hydrogenation of radicals, 
eactions involving O 2 and some, empirically constrained, CO 2 

ormation from OH/O/O 

+ impacting bound CO) are all included. 
o we ver, for the sake of clarity, and to quantify the role of the

osmic ray induced desorption process in determining the gas-phase 
ensities in high density/high extinction regions, most continuous 
esorption mechanisms (direct and cosmic ray induced photodes- 
rption, species-specific enthalpy-of-formation driven desorption, 
on-selective desorption driven by H 2 formation etc.) have been 
uppressed in these calculations, with the exception of thermal 
esorption. The model also calculates, on a continuous basis, the 
etailed, layer-by-layer composition of the dust grain ice mantles, 
nd also makes due allowance for the geometrical scaling of the
rain size and total dust surface area as ice mantles accumulate (so
hat the nominal bare grain radius is an important parameter); the
o-called three-phase model of chemical evolution. Thus, desorption 
s assumed to only be ef fecti ve from the surface layer of ice, which
ncludes the partially complete top layer, and any exposed parts of the
ower layers. Only the surface layers are treated as being chemically
ctive, and liable to addition or removal. In this simplified model we
o not include allowances for grain porosity or the diffusion between
ayers or account for the possibility of ice melting and the mixing of
he layers that may occur as a result of strong heating events. 

The (undepleted) elemental abundances are given in Table 1 and 
re typical of values adopted for low-mass star-forming regions (e.g. 
an Dishoeck et al. 2021 ) although, as we are not attempting to
odel a specific source in this study, the values are not critically

mportant. The chemical initial conditions are taken to be atomic, 
ith the H:H 2 ratio set to 10 −3 and we assume that � 90 per cent of

he carbon has been converted to CO at the start of the calculations.
ther parameters are as specified in Table 1 
There are three phases in the models: 

(I) Initial conditions are established by evolving the chemistry for 
 long period of time ( ∼ 10 Myrs). 

(II) The desorption phase, during which there is a rapid return 
f a fraction of the ice mantle to the gas-phase, following one of
he desorption models described below. The time-scales for these 
MNRAS 517, 3804–3821 (2022) 
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rocesses are very much smaller than the time-scales of Phases I or
II and so the return to the gas-phase is treated as being instantaneous.

(III) The chemistry is followed (again, with static physical condi-
ions) for a period of t = t impact , as given by equation ( 9 ) after which
hase II is repeated. 

Phases II and III are repeated for 5 cycles, or until there are no
 ycle-to-c ycle variations in the abundances. 

To investigate the various issues discussed above we have consid-
red several different representations of the cosmic ray desorption
rocess that operate in Phase II, in three variants of our model: 

.1 Model 1: continuous desorption 

s a benchmark, and for the sake of comparison, we have included
odels in which the (surface) cosmic ray induced desorption is

reated as being continuous and operating throughout all stages of
hemical evolution (so that Phase II is ef fecti vely absent). This is
ssentially the same representation as described in HH93 et seq.
o that for these models we apply the formalism and adopt the
arameters used in HH93 scaled, where necessary, for different grain
izes/size distributions. 

We have considered three variations of this model: for Model 1a,
e use the same binding energies and desorption rates as given in
H93 , and do not impose the upper limits to the rates as described

n the previous section. This is therefore a nearly exact simulation
f the HH93 model. For this reference model, we adopt all other
arameters as used by HH93 for classical ( a = 0 . 1 μm) grains and
se desorption rates as determined by the formulae abo v e. 
In general, we can scale the cooling time-scale, as used in HH93 ,

or an arbitrary grain size: 

 cool = 10 −5 

(
0 . 1 μm 

a 

)
exp 

[
T cool 

b 

(
1 

T peak 
− 1 

70 . 84 

)]
, 

here T cool 
B is the binding energy (in K) of the coolant species. Again,

ote that this is a function of the grain size, both explicitly in the
1/ a )-dependence and implicitly in the size-dependence of the peak
ust grain temperature and hence the (single molecule) e v aporation
ime-scale. 

For Models 1b and 1c we use the desorption rates calculated
ith extended cooling, as discussed and calculated in the previous

ection, and we also set the upper limits to the desorption rates using
quation ( 11 ). In Model 1b, we adopt a single nominal grain size
f 0.1 μm, whilst in Model 1c we use the desorption rates averaged
 v er an MRN grain size distribution. The rates for the key species
re given in Table 3 for both models. 

For the other models described below, the continuous cosmic ray
nduced desorption is replaced by one of the sporadic desorption

echanisms in Phase II, with no desorption (other than thermal
esorption) operating in either of Phases I or III. 

.2 Model 2: sporadic, species-specific desorption 

n this model we assume sporadic, stochastic desorption. That is to
ay, there is (an assumed instant) injection of each species immedi-
tely after a cosmic ray impact/heating event. This is therefore closer
o the ‘true’ situation than the continuous desorption simplification
mployed in HH93 and Model 1. For clarity, we have again assumed
 single ‘classical’ (0.1 μm) grain size. 

Following other studies, in this model we assume that the thermal
esorption characteristics of each species are defined for pure ices
nd are independent of the chemical/physical environment of the
NRAS 517, 3804–3821 (2022) 
esorbing molecules. Therefore, for the purpose of this model (only)
e have assumed that – as in the HH93 model – the composition of

he ice is homogeneous, i.e. there are no compositional variations in
he various ice layers. This is obviously a major simplification but,
f we were to adopt a microscopic layer-by-layer approach to the
ce composition (as in our other models), then the inconsistencies
ue to differential desorption as discussed in Section 4.3 would be
vident. For the order-of-magnitude type of calculations that we are
onsidering in this model the assumption of a homogeneous ice
omposition is therefore more workable and is acceptable for our
urposes. 
The desorption rates derived from the extended cooling calcula-

ions are used to determine the number of atoms/molecules of each
pecies that are released into the gas-phase. Thus, the incremental
hange to the gas-phase fractional abundance of species i is given by

X i = k i e v ap .t cool .σH N s F i = k i crd .t impact .σH N s F i , 

here k i crd are the equi v alent cosmic ray induced desorption rates,
alculated as described in Section 4.2 abo v e. F i is the (bulk) fraction
f the ice mantle that is composed of species i which, in this model,
s identical to the fractional surface co v erage of the species, f i .
he incremental desorption, so calculated, is subject to the obvious
onstraint that the number of molecules desorbed per heating event
annot exceed the total initial number of molecules in the ice (i.e.
 X i ≤ X i(ice) ). 

.3 Model 3: Sporadic co-desorption 

he other extreme to the species-specific desorption adopted in
odel 2 is to assume that the desorption process does not discrim-

nate between different species, so that a single common binding
nergy applies to all surface species. This corresponds to the case
f complete co-desorption of ice species. This is, of course, highly
peculative and will depend on a number of unknown factors, such
s the degree of compositional se gre gation within ice layers but is,
o some degree, guided by laboratory evidence. To simulate this
n the model we assume that complete layers, or a fraction of a
ayer, of ice are completely sublimated without consideration of
he compositional variations within those layers. To determine the
umber of layers that are sublimated, we can use the same formalism
s employed in the previous section; simply equating the total
ublimation energy with the energy that is required to cool the grain.
his model is, again, a huge o v ersimplification but, together with
odel 2, it serves to demonstrate the range of desorption efficiencies

hat may be possible. 
For the calculations presented here we assume that T i B = T cool 

B =
210 K, equal to the binding energy for CO in the HH93 model.
hilst this ‘common binding energy’ is ill-defined it should be noted

hat, with this formalism, uncertainties in its value will only result in
ariations in the desorption efficiencies of order unity. 

Obviously, for this model, the actual desorption that occurs in
ach cycle depend on the composition of the surface layers and so
he compositional structure of the ices is very important. We consider
wo scenarios: 

(a) Desorption from ‘classical’ (0 . 1 μm) grains, for which a
imited number of ice layers will be sublimated as described abo v e,
nd 

(b) Desorption from VSGs (0 . 01 μm), for which complete mantle
ublimation, of all ice layers, occurs – as discussed in Section 4.4 . 

For Model 3(a), the derived desorption rate for species with
 binding energy of ∼1100–1200 K from ‘classical’ grains with
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Table 6. Description of the models. 

Model Desorption 

Model 1a Continuous, HH93 rates 
Model 1b Continuous, extended cooling, a = 0 . 1 μm 

Model 1c Continuous, extended cooling, MRN-averaged 
Model 2 Sporadic, e v aporati ve cooling 
Model 3a Sporadic, co-desorption of top 3 ice layers 
Model 3b Sporadic, total ice desorption for VSGs ( a = 0 . 01 μm) 
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Figure 1. Ice mantle composition as a function of monolayer number, for 
models with a = 0.1 μm and n = 10 5 cm 
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 = 0 . 1 μm corresponds to the complete desorption of the top ∼3
ayers of the ice, which is what we have adopted for the model. 

.4 Model parameters 

or each of our models, calculations have been performed for two 
epresentative gas densities and extinctions; (i) n = 10 5 cm 

−3 , A v =
0, and (ii) n = 10 7 cm 

−3 , A v = 50; which are typical of values
ithin prestellar dark cores. As we have justified above, for most
odels the calculations have been performed for ‘classical’ ( a = 

 . 1 μm) grains, for ease of comparison with previous studies. Model
b is for an averaged MRN grain size distribution and Model 3b is
or VSGs ( a = 0 . 01 μm). Where a = 0 . 1 μm, the interval between
osmic ray impacts is t impact = 1.0 Myr, whereas for a = 0 . 01 μm,
 impact = 100.0 Myr. The energy deposition per cosmic ray impact is
aken to be proportional to the grain size, a . 

Of course, these models determine the time-dependences of 
he chemical abundances (gas-phase and solid-state) for a single 
epresentative grain through one impact/cooling cycle. To ascertain 
he significance of cosmic ray induced desorption in astrochemical 

odels we obviously need to obtain the mean abundances for a 
ystem containing many grains at different phases of the cycle. 
e therfore determine statistical averages of both the gas-phase 

nd solid-state abundances by calculating the (time-averaged) mean 
alues o v er individual c ycles. The ke y characteristics of the models
re given in Table 6 and the values of other parameters are as specified
n Table 1 . 

 M O D E L  RESULTS  

n this section, we present the results from the models as plots of
he abundances of key species as a function of time for each of the
ve studied desorption cycles, and as the numerical time-averaged 
alues of the abundances for the final ( ∼equilibrium) cycle. We 
ave considered the chemical e volution follo wing the impact(s) of
osmic rays on a single, representative, grain. However, the time- 
veraged values of the abundances in the limit cycle are ef fecti vely
epresentative of the mean values of the abundances in an ensemble 
f grains at different stages within the heating and desorption cycle. 
his is, of course, subject to the limitation that we are considering
 single, or in some cases population-averaged, value of the grain 
ize and a single cosmic ray energy, but does serve to show the
ffects in macroscopic objects. We must also make it clear that these
esults have been obtained for a rather specific physical model with 
ome what contri ved chemical constraints and are not generic. As
uch, and unlike the the more rigorous discussion in Section 4 , they
ust be considered indicative, rather than definitive. 
First, in Fig. 1 we show the composition of the ice mantles as

etermined at the end of Phase I and for the case of grains of radius
 = 0 . 1 μm and a gas density of n = 10 5 cm 

3 . Abundances are shown
s a function of monolayer, so that the values on the right-hand side
f this plot give the composition of the outermost (surface) layer. 
From this figure we can see that, for the conditions that we have

nvestigated in this study, the composition of the outer 5–10 layers of
he ice mantles is dominated by CO. The surface layers are composed
f CO ( ∼70 per cent) and H 2 O ( ∼20 per cent) with other species
e.g. NH 3 , CH 4 , and CO 2 ) accounting for the remaining 10 per cent.
eeper into the ice (i.e. for the inner 25 layers), the composition

s much more heterogeneous. In our model, we have adopted 
omewhat arbitrary physical and chemical conditions: we follow 

he chemical evolution and ice formation whilst keeping the physical 
arameters (such as the density and temperature) static, and exclude 
ll desorption mechanisms, other than thermal desorption and cosmic 
ay induced desorption. Making these assumptions, we find that the 
ce mantle composition as shown in this figure is fairly insensitive
o the assumed mean grain size and gas density (o v er the ranges
 . 01 μm < a < 0 . 1 μm, 10 5 cm 

−3 < n < 10 7 cm 

−3 ). This will almost
ertainly not be the case for more realistic chemical/dynamical 
imulations. Ho we ver, for our models, this justifies a posteriori the
implification made abo v e that we can adopt a single species (CO)
nd binding energy for the grain cooling calculations. 

Fig. 2 shows the time-dependence of sev eral ke y gas-phase species
or each of the five cycles in the cases of Model 2 (sporadic
esorption; Fig. 2 a) and Model 3a (sporadic co-desorption; Fig. 2 b).
rom this figure, we can see that the modelled gas-phase chemical
bundances are clearly different for the two models so that, for
 xample, NH 3 is v ery efficiently produced in Model 2 (sporadic
esorption) whereas the co-desorption in Model 3a results in strong 
nhancements of the more tightly bound species, such as H 2 O and
 2 S. We can also see that the chemical behaviours can be quite

omplex and that we need to consider the time-averaged abundances 
n each cycle to obtain a meaningful understanding of the chemical
MNRAS 517, 3804–3821 (2022) 
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Figure 2. Results from Models 2 (lhs) and 3a (rhs), with a = 0.1 μm, n = 10 5 cm 

−3 : Fractional abundances of selected species are shown as a function time 
since the cosmic ray heating event for the first five impact cycles. For Model 3a, the logarithmic abundances of HCN have been lowered by 4 for the sake of 
clarity. The solid lines show the results for the final (fifth) cycle, whilst the results from the previous cycles are shown by the close dotted (cycle 1), wide dotted 
(cycle 2), dashed–dotted (cycle 3) and dashed (cycle 4) lines. 
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rends. The behaviour of H 2 O (and HCN) in Fig. 2 a is particularly
nteresting; the desorption of these species is minimal, yet they
xperience strong second-order transient enhancements that are
riven by the enriched gas-phase chemistry. 
It is also apparent that, for the particular values of the free

arameters used in these models, there are very little c ycle-to-c ycle
ariations in the abundance profiles (except for Model 3a in the case
f HCN and, to a lesser extent, NH 3 ). This is primarily a consequence
f the fact that the gas-phase and freeze-out time-scales are relatively
hort compared to the interval between cosmic ray impacts ( t impact ),
o that the transient chemical effects of the desorption in one cycle
re ‘lost’ before the next cycle starts. 

Table 7 presents the time-averaged gas-phase abundances of
elected species for each of the models described abo v e, for the
nal (fifth) cycle of the calculations. Results are shown for each of

he desorption models (Models 1–3) for an environment in which
he density is 10 5 cm 

−3 and the visual extinction is 10 mag. Table 8
hows the results (with the same format as Table 7 ) for a higher
ensity (10 7 cm 

−3 ) and darker ( A v = 50) environment. 
Comparing the results for the continuous desorption model with

xtended cooling (Model 1b) to the reference model (Model 1a) we
an see that, for the low density case, the differences are mostly
airly minimal (although non-negligible in the cases of CH 4 , H 2 CO,
nd HNO) indicating that continuous CR-induced desorption is not
ritical in defining the chemistry in these environments. In contrast,
or the higher density case, the abundances are typically enhanced by
 factor of ∼10 or more – as expected. Extending the model from a
ingle size (0 . 1 μm) population to an average over an MRN-type size
istribution (Model 1c) results in strong enhancements of the more
ightly bound species (such as H 2 CO, and the sulfur species) and
NRAS 517, 3804–3821 (2022) 
hese are particularly significant in the high density case. Such effects
re a consequence of the strong contributions from the smaller grains,
hat are heated to higher temperatures by cosmic ray impacts. The
ifferences between the sporadic desorption model (Model 2) and the
ontinuous desorption model (with extended cooling; Model 1b) are
ostly fairly minor – due to the relatively short chemical time-scales

or the adopted model parameters, as discussed abo v e. Ho we ver,
here are a few notable differences for the low density calculations
only); importantly, Model 2 results in large enhancements of CO,
H 3 , and HNO (by factors of ∼10, ∼41, and ∼24, respectively). 
The (non-species-specific) co-desorption model (Model 3a) results

n very strong enhancements, by factors of ∼10–100, for nearly all
pecies (other than CH 4 and NH 3 ). This is particularly acute in the
ases of those that have small, yet significant, abundances in the ices
such as H 2 O, CO 2 , and the sulfur species – which are enhanced

y several orders of magnitude. As with the other models, the trends
end to be amplified in the high density calculations, although not for
O, CH 4 , NH 3 , N 2 , or O 2 . 
The model specific to total mantle desorption from VSGs, with a =

 . 01 μm (Model 3) again results in big changes to the abundances
ut, whilst some (such as H 2 O, CO 2 , and the sulfur species) are
ery strongly enhanced – by several orders of magnitude in the high
ensity calculations – the more volatile species (CH 4 , NH 3 , N 2 , O 2 ,
CN, HNC, and even CO in the high density case) actually have

ower abundances than those determined in the extended cooling
ontinuous desorption model (Model 1b). This indicates that a degree
f chemical differentiation may occur in those situations where a
arge population of small grains dominates the desorption. 

As noted abo v e the chemical effects of the desorption are
ostly self-contained within each cycle and the changes on longer

art/stac2154_f2.eps
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Table 7. Model results (low density; n = 10 5 cm 

−3 , A v = 10): time-averaged fractional abundances 
of selected species for the final c ycle. F or H 2 O, results are given for two values of the binding energy 
(see Section 4.2 for details). 

Species Model 1a Model 1b Model 1c Model 2 Model 3a Model 3b 

CO 1 .8( −8) 2 .0( −8) 2 .5( −8) 2 .0( −7) 2 .7( −7) 1 .6( −8) 
H 2 O 3 .6( −11) 3 .8( −11) 4 .7( −11) 2 .3( −11) 6 .9( −8) 1 .1( −8) 
H 2 O 

† 3 .6( −11) 3 .8( −11) 8 .0( −11) 2 .8( −11) 6 .9( −8) 1 .1( −8) 
CH 4 4 .7( −10) 4 .5( −9) 5 .1( −9) 1 .1( −9) 1 .2( −8) 1 .1( −9) 
NH 3 1 .1( −8) 2 .1( −8) 2 .7( −8) 8 .6( −7) 3 .5( −8) 7 .3( −9) 
N 2 4 .7( −10) 5 .7( −10) 7 .9( −10) 2 .5( −9) 6 .4( −9) 8 .5( −11) 
O 2 2 .9( −10) 1 .4( −10) 2 .3( −10) 4 .0( −10) 7 .6( −9) 1 .4( −11) 
H 2 CO 1 .2( −12) 6 .1( −12) 9 .2( −12) 7 .8( −13) 2 .4( −10) 5 .3( −12) 
CO 2 7 .7( −14) 9 .4( −14) 2 .9( −13) 2 .1( −13) 9 .8( −9) 6 .3( −10) 
HCN 2 .0( −11) 5 .7( −11) 1 .2( −10) 3 .7( −10) 3 .1( −9) 2 .4( −11) 
HNC 2 .3( −11) 6 .4( −11) 1 .2( −10) 4 .8( −10) 2 .3( −9) 2 .7( −11) 
HNO 1 .7( −12) 9 .4( −12) 2 .3( −11) 2 .3( −10) 2 .0( −9) 2 .0( −11) 
H 2 S 4 .3( −16) 8 .4( −16) 2 .9( −14) 9 .1( −15) 1 .2( −10) 1 .3( −11) 
C 2 S 2 .1( −25) 4 .8( −25) 6 .4( −21) 5 .7( −24) 1 .2( −16) 3 .6( −16) 
HCS 2 .7( −19) 9 .6( −19) 7 .5( −17) 1 .9( −18) 2 .0( −12) 1 .0( −13) 

Table 8. Model results (high density; n = 10 7 cm 

−3 , A v = 50): time-averaged fractional abundances 
of selected species for the final c ycle. F or H 2 O, results are given for two values of the binding energy 
(see Section 4.2 for details). 

Species Model 1a Model 1b Model 1c Model 2 Model 3a Model 3b 

CO 3 .1( −10) 2 .7( −9) 2 .2( −9) 2 .0( −9) 2 .9( −9) 1 .6( −10) 
H 2 O 9 .1( −16) 8 .6( −15) 6 .9( −15) 2 .5( −16) 9 .3( −10) 1 .1( −10) 
H 2 O 

† 8 .2( −15) 2 .5( −14) 8 .2( −13) 4 .6( −14) 9 .3( −10) 1 .1( −10) 
CH 4 4 .7( −13) 6 .9( −12) 6 .8( −12) 1 .1( −11) 3 .6( −11) 1 .1( −11) 
NH 3 2 .0( −10) 3 .7( −9) 3 .5( −9) 9 .0( −9) 5 .3( −10) 7 .3( −11) 
N 2 1 .8( −12) 1 .3( −11) 1 .1( −11) 8 .1( −12) 1 .7( −11) 4 .3( −13) 
O 2 9 .5( −14) 8 .1( −13) 6 .4( −13) 6 .0( −14) 5 .8( −13) 2 .3( −15) 
H 2 CO 2 .0( −17) 8 .8( −17) 1 .3( −15) 1 .1( −17) 2 .4( −13) 2 .6( −15) 
CO 2 1 .8( −19) 3 .8( −18) 1 .8( −15) 1 .3( −18) 8 .0( −11) 6 .1( −12) 
HCN 6 .3( −16) 1 .6( −14) 2 .7( −14) 9 .8( −15) 4 .3( −12) 5 .7( −14) 
HNC 2 .3( −15) 5 .0( −14) 5 .9( −14) 6 .5( −14) 2 .8( −12) 2 .9( −14) 
HNO 2 .9( −16) 2 .8( −15) 5 .5( −15) 1 .3( −15) 1 .2( −13) 4 .6( −16) 
H 2 S 5 .2( −17) 1 .2( −16) 3 .7( −15) 1 .0( −16) 2 .5( −12) 1 .3( −13) 
C 2 S 1 .6( −25) 1 .8( −25) 2 .5( −21) 1 .0( −25) 9 .2( −17) 6 .0( −18) 
HCS 7 .4( −20) 1 .3( −19) 2 .2( −17) 3 .6( −20) 4 .8( −14) 6 .2( −16) 
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ime-scales are mostly fairly marginal. Hence, the similarity between 
he results obtained with the sporadic and the continuous desorption 
ormalisms. Whilst this is as expected when t impact greatly exceeds 
he chemical time-scales, this will not be the case if the time-scales
re comparable (e.g. if the gas density is lower, or the cosmic ray
onization rate, ζ is higher). To illustrate this we have run Model 2
ith ζ = 5 × 10 −16 s −1 (for a = 0 . 1 μm, n = 10 5 cm 

−3 , and A v =
0), and the results are shown in Fig. 3 and Table 9 . These are clearly
ery different to what was obtained with the lower value of ζ ; the
elative abundances are strongly modified (and in fact are closer 
o what was obtained for Model 3). Most importantly, they show 

hat the shorter interval between desorption events leads to chemical 
ariations in one cycle being carried forward to the next cycle. This
s quantified in Table 9 , which gives the mean abundances in each
f the five desorption cycles. From this we can see that, relative to
able 7 , the abundances of most species are enhanced by at least

wo orders of magnitude and, in some cases, significantly more. This
s particularly important in the cases of CO and, especially, H 2 O
here the transient enhancements discussed abo v e are transmitted 

rom cycle to cycle. Significant (and in some cases non-monotonic) 
 ycle-to-c ycle variations for most species are also evident; whilst
he abundances of some species decline (e.g. H 2 O, NH 3 , O 2 , HCN,
NC, and H 2 S), the abundances of others rise (e.g. HCO 

+ , N 2 , and
 2 H 

+ ). The cycle-dependence is particularly dramatic in the cases
f NH 3 and O 2 , for which the mean abundances both decline by a
actor of ∼100 from cycle 1–5. 

Although the cycle duration is much shorter, fiv e c ycles (after
hich c ycle-to-c ycle chemical equilibrium has still not been estab-

ished) corresponds to a time interval of 0.13 Myr. It is therefore
uite obvious that the continuous desorption representation breaks 
own in these circumstances and that this situation is one that
ould be very hard to quantify and apply to standard astrochemical
odels. 

 C O M PA R I S O N  WI TH  OTH ER  STUDI ES  

he various issues that we have discussed in this work (extended
ooling lifetimes, a corrected model of the application to interstellar 
rain size distributions, treatment of the desorption process as 
poradic, as opposed to continuous, the possibility of species co- 
esorption and whole mantle e v aporation from very small grains)
MNRAS 517, 3804–3821 (2022) 
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Figure 3. Results from Model 2, with an enhanced value of ζ

(5 × 10 −16 s −1 ), for a = 0 . 1 μm, n = 10 5 cm 

−3 , and A v = 10: Fractional 
abundances of selected species are shown as a function time since the cosmic 
ray heating event for the first five impact cycles. The logarithmic abundances 
of O 2 , HCN, H 2 CO, and H 2 S have been lowered by 2, 6, 2, and 2, respectively, 
for the sake of clarity. The solid lines show the results for the final cycle, with 
results from the previous cycles shown by the dotted lines. 

Table 9. Results from Model 2 with an enhanced cosmic ray ionization rate 
( ζ = 5 × 10 −16 s −1 ): time-averaged fractional abundances of selected species 
for the first 5 desorption cycles. 

Species Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

CO 7.9( −5) 7.6( −5) 7.5( −5) 7.4( −5) 7.2( −5) 
H 2 O 2.8( −7) 4.2( −7) 1.9( −7) 6.1( −8) 2.5( −8) 
NH 3 2.0( −5) 8.9( −6) 2.9( −6) 6.8( −7) 2.0( −7) 
O 2 1.1( −6) 8.1( −7) 3.2( −7) 6.3( −8) 1.2( −8) 
HCO 

+ 2.0( −9) 3.3( −9) 4.8( −9) 6.1( −9) 7.1( −9) 
H 2 S 7.4( −9) 6.7( −9) 4.8( −9) 3.1( −9) 2.1( −9) 
HCN 1.6( −6) 3.0( −6) 2.2( −6) 1.4( −6) 9.3( −7) 
HNC 1.3( −6) 2.4( −6) 1.8( −6) 1.1( −6) 7.2( −7) 
N 2 6.7( −6) 1.1( −5) 1.5( −5) 1.8( −5) 1.9( −5) 
N 2 H 

+ 9.2( −11) 2.2( −10) 3.9( −10) 5.2( −10) 6.1( −10) 
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ave not been discussed in any detail in previous studies, which
akes direct comparison dif ficult. Ho we ver, it is useful to place this
ork in the context of these other studies and to identify the sources
f uncertainty, where known. 
There have been several recent studies of cosmic ray induced

esorption in the literature. Some studies have addressed the physics
f the interaction between the cosmic ray particles and the dust
rains, e.g. Ivlev et al. ( 2015a ) considered a model of localized spot-
eating driven explosions, whilst Kalv ̄ans & Kalnin ( 2020a ) is the
nly other investigation that has considered the time-dependence
f the coupled cooling, and layer-by-layer e v aporati ve cooling of
NRAS 517, 3804–3821 (2022) 
ifferent molecular species. That study tracked the cooling profile,
he composition of the ices and the e v aporati ve yields for several
pecies. Ho we ver, it did not determine the ef fecti ve desorption rates
r consider the chemical effects on an environment that is subject to
epeated heating and desorption events. Kalv ̄ans & Kalnin ( 2020b )
xtended the study to include the effects of variations in the grain
eat capacity and also concluded that the desorption is most efficient
or small grains, with CO desorption dominated by grains with a <
 . 05 μm. 
As stated abo v e, for the reasons given, we have conducted our

tudy within, and extending, the paradigm stated in HH93 – centred
n a study of the sporadic heating of 0.1 μm grains to a peak
emperature of ∼70 K, at the rate of one event per Myr. In reality,
here will be a spectrum of cosmic rays of varying composition
nd stopping power impacting grains of varying composition and
tructure. Furthermore, the relationship between these parameters
nd the cosmic ray energy/flux is not necessarily linear (e.g. see
quation 16 of L ́eger et al. ( 1985 ), implying that – for a given grain
ize – there will be a spectrum of values for T peak and t impact ). Other
tudies have therefore concentrated more on taking the standard
hole grain heating, continuous desorption, model and adapting

t for a range of grain sizes, ice mantle thicknesses and cosmic
ay energy spectra, including any attenuation effects that may be
ppropriate. Thus, Kalv ̄ans ( 2016 ) extended the HH93 model to
onsider the effects of a spectrum of cosmic rays on grains of bare
adius 0.05–0.2 μm and varying ice thickness in a translucent cloud
 A v = 2). They found that t impact may be overestimated by two orders
r magnitude or more, particularly for low-energy impacts resulting
n T peak ∼ 20–30 K. This is probably too low to effect efficient
esorption, but can promote surface chemistry. Zhao et al. ( 2018 )
nvestigated the dependence of the desorption rates on grain size and
ound that the differential depletion of volatile species is sensitive to
he population of large grains ( > 0 . 1 μm) that are heated to lower
emperatures, although – as discussed in Section ( 3 ) – this finding
as based on an erroneous definition of the grain cooling time-scale.
his was also used by Sipil ̈a et al. ( 2020 ) who determined the dust
rain equilibrium temperatures resulting from CR impact heating;
hich have important effects on the thermal diffusion and surface

eaction rates for solid-state species. In that study they investigated
he dependence of the desorption efficiencies on the grain size and
ound that the desorption rate is weighted towards the larger grains
n a normal interstellar size distribution. Kalv ̄ans & Kalnin ( 2019 )
onsidered the chemical effects of a spectrum of cosmic rays resulting
n a range of values for T peak and t impact . The results are presented in
he context of a specific physical evolutionary model of a contracting
ense core. This study also gives analytical relationships between
 peak and t impact , as well as their dependence on the extinction ( A v ). 
Sipil ̈a et al. ( 2021 ) emphasized how the desorption efficiency

epends on the structured content of the different layers of the
ces, but made the assumption that the binding energies are well-
efined for each species and not dependent on their environment.
n their model, the cooling (but not the temperature-dependences
f the desorption rates themselves) was treated time-dependently. A
osmic ray energy/flux spectrum was used to determine t impact , but
he complexities of the situation are apparent in that t impact depends
n a variety of factors including the shape and strength of the cosmic
ay spectrum, the nature of the particles, the depth-dependence of
he attenuation of the flux and how that varies as a function of the
nergy, and hence the depth-dependence of the dust opacity and
he grain size distribution. Silsbee et al. ( 2021 ) have presented a
 ery comple x model which describes desorption as a function of
he size and composition of both the core grain and the ice mantle,

art/stac2154_f3.eps
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Table 10. Results from Model 2 for selected species, with T peak = 54 K 

and t impact = 10 11 s. The second column gives the desorption rate (s −1 ), and 
columns 3–6 give the mean (c ycle-av eraged) fractional abundances after 1, 
10, 20, and 100 cycles, respectively. For H 2 O, results are given for two values 
of the binding energy (see Section 4.2 for details). 

Species k 54 (0 . 1 μm) Cycle 1 Cycle 10 Cycle 20 Cycle 100 

CO 1.3( −11) 4 .3( −6) 2 .2( −5) 2.4( −5) 1.4( −5) 
CH 4 6.1( −13) 1 .4( −8) 7 .2( −8) 1.0( −7) 1.2( −7) 
H 2 O 2.1( −41) 8 .2( −10) 8 .3( −8) 2.2( −7) 2.4( −8) 
H 2 O 

† 2.5( −17) 8 .3( −10) 8 .3( −8) 2.2( −7) 2.4( −8) 
NH 3 2.1( −10) 2 .6( −5) 2 .8( −5) 1.7( −5) 9.6( −8) 
N 2 1.3( −11) 3 .4( −7) 3 .7( −6) 5.4( −6) 3.6( −6) 
HNC 2.1( −14) 1 .7( −8) 6 .7( −7) 1.0( −6) 1.5( −7) 
H 2 CO 1.4( −16) 2 .1( −12) 8 .9( −10) 3.3( −9) 1.6( −8) 

Table 11. Time-averaged fractional abundances of selected species for 
models in which all desorption mechanisms are included ( n = 10 7 cm 

−3 , 
A v = 50). See text for details. 

Species Reference Model 1c Model 2 Model 3a 

CO 8 .9( −11) 1 .7( −9) 2 .3( −9) 2 .1( −9) 
H 2 O 3 .2( −11) 3 .4( −11) 3 .2( −11) 2 .0( −9) 
NH 3 6 .0( −13) 1 .1( −9) 7 .3( −9) 4 .9( −11) 
HCO 

+ 8 .6( −14) 1 .6( −12) 1 .1( −13) 1 .2( −13) 
CO 2 7 .4( −12) 8 .2( −12) 3 .2( −12) 1 .1( −10) 
HCN 2 .6( −15) 9 .1( −15) 1 .4( −14) 1 .3( −13) 
N 2 1 .2( −11) 1 .9( −10) 1 .5( −10) 2 .9( −10) 
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nd includes a cosmic ray transport model with a depth-dependent 
pectrum. They found that there are strong variations of the ice mantle
hickness with grain size. 

Taking these various issues together, this is potentially a very 
omplicated problem to solv e; ev en if the nature and energy transport
f the cosmic rays were known, there are additional uncertainties in 
he microphysics; in the WGH model the rate of thermal diffusion
ithin the grains depends on their composition, shape and struc- 

ure/porosity, whilst the desorption rates will be moderated by the 
act that there will be grain size- and source-specific variations in the
ompositional structure of the ice mantles. 

There are clearly a large number of factors and a wide range
f the key physical parameters ( T peak , t impact etc.) that need to be
nvestigated further using the results from our study. Ho we ver, a
ey feature of most of these studies is that, by considering the
pectrum of cosmic rays, heating events (leading to low values 
f T peak ) occur much more frequently than once every 1 Myr –
ossibly by a factor of 100 × or more. This introduces additional 
omplexity as the lower peak temperatures will result in increased 
e gre gation between the desorption efficiencies of volatile and non- 
olatile species. Most significantly, the discrepancies between the 
poradic and the continuous desorption approaches will be evident 
nd must be considered. 

For the purpose of comparison, a useful compromise and simpli- 
cation is given by Kalv ̄ans ( 2021 ) who identify a single, weighted
ean, value of 54 K for T peak and a simple analytical dependence of

 impact on the hydrogen column density. We have tested this in our
odel 2 (sporadic desorption) with A v = 10 and density 10 5 cm 

−3 (as
or the models of low-density regions discussed above), for which the 
mplied period between impacts is t impact = 10 11 s. Other parameters 
re as given in Table 1 , as before. 

The results, given in the form of the mean c ycle-av eraged fractional
bundances of several gas-phase species, are shown in Table 10 . 
hese demonstrate that, for these parameters (and particularly due to 
he much lower value of t impact ), the behaviours are similar to the case
hat we investigated above for ζ = 5 × 10 −16 s −1 , in that the chemical
volution of individual desorption cycles are not independent of each 
ther and the abundances of most species (including CO and H 2 O) are
ery significantly enhanced. The table shows how these variations 
an be carried o v er after many tens of cycles. These changes are
specially noticeable in the case of NH 3 , whose mean abundance 
alls by a factor of > 170 between cycles 20 and 100. Indeed, these
ariations are still evident and an equilibrium ‘limit cycle’ has still
ot been established even after 100 cycles (i.e. ∼0.3 Myr). 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this study we have extended and developed models of the cosmic
ay heating induced desorption of species from ice mantles to include: 
 description of the grain cooling and desorption profiles, a revised
nalysis of grain size population-averaged rates, consideration of 
pper limits to the rates, set by the availabilities within the ice mantle,
reatment of the process as being sporadic, rather than continuous, 
he possibility of species co-desorption, and whole mantle desorption 
rom very small grains. 

We do not make any claims to be definitively accurate in quantify-
ng the cosmic ray induced desorption rates. Ho we ver, this study is
ased on the energetics of the process; balancing the heating rate by
he energy lost through the e v aporati ve cooling of the ice constituents.
ecause of this, our results are reasonably robust to any assumption
oncerning the precise nature of the desorption mechanism and the 
ncertainties in the microphysics of the interactions between the 
osmic ray particles and dust grains. Using the conservation of energy 
pproach, the only controlling parameters in the determination of the 
esorption rates are (i) the mean energy deposited in a grain per
osmic ray impact ( � E ), (ii) the mean interval between cosmic ray
mpacts ( t impact ), and (iii) the binding energies of the atomic and

olecular species in the dust ice mantles ( E 

i 
B ). Unfortunately, these

re all ill-defined so that there are significant uncertainties in the
erived desorption rates. 
Compared to previous studies, which are based on a continuous 

epresentation of the cosmic ray induced desorption process, the 
wo o v erarching conclusions of this study are that (a) the cosmic
ay induced desorption rates are highly uncertain, and (b) they have
lmost certainly been underestimated – and possibly particularly so 
or the more tightly bound species, such as H 2 O. 

Whatever model we adopt there are huge uncertainties (possibly 
y orders of magnitude) due to the poor constraints on the many
ree parameters, some of which were highlighted in the previous 
ection. It is therefore currently inappropriate to make any specific 
strochemical deductions. Indeed, it may therefore be necessary to 
invert’ the problem and to use observationally deduced molecular 
bundances in dense regions (with reasonably well-defined physical 
onditions) to infer the desorption rates. 

Specifically, our findings are that: 

(i) Cosmic ray induced desorption rates are almost certainly very 
uch larger than the values that have been adopted in most previous

tudies. Even within the simple paradigm of HH93 (a single grain
ize, impacted by cosmic rays of the same energy/composition with 
 single time interval between impacts) a realistic representation 
f the cooling/desorption profiles indicates that the desorption rates 
especially those of the more volatile species) should be � 10 × larger.
enerally, the significance of this is only apparent at higher densities
MNRAS 517, 3804–3821 (2022) 
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 � 10 5 cm 

−3 ), where the role of cosmic ray induced desorption is
ore significant. 
(ii) A consideration of the dependences of the heating rates,

eak dust grain temperatures and the cooling rates for grains of
if ferent sizes sho ws that, for grain size distribution typical of
he ISM, desorption from the smallest grains dominates. This is
ifferent to what has found in previous studies, which have used
 different definition of the grain cooling time-scale. The small
rains will achieve higher peak temperatures than the classical
 . 1 μm grains so that the most important effect of this is that the
esorption rates for the more tightly bound species are significantly
nhanced. 

(iii) Desorption rates are limited by the availability of the desorbed
pecies within the ice mantles. In practice, this is equi v alent to saying
hat, using the HH93 formalism and parameters, k i crd < 10 −12 s −1 . 

(iv) The combined effect of the points highlighted abo v e is to
esult in a somewhat compressed dynamic range for k i crd . Recognizing
hat the binding energies of molecular species in ices are highly
ncertain (especially in the case of mixed composition ice) we have
rovided a table of the desorption rates (for both the ‘classical’
.1 μm grains and for an MRN-weighted distribution of grain sizes)
s a function of binding energy. This data can easily be incorporated
nto astrochemical models. 

(v) If we do not make the usual assumption that
he sporadic/stochastic mechanism of cosmic ray im-
acts/heating/desorption can be represented as a continuous
ut instead follow the chemical evolution through successive heating
nd desorption cycles; we obtain similar results for most species
but not all; most notably there are large differences for CO and
H 3 ) – but only if the desorption cycles are chemically independent
f each other. Ho we ver, the discrepancies between the sporadic and
he continuous representations become significant when the interval
etween cosmic ray impacts is shorter than the chemical time-scales.
he key time-scale here is that for freeze-out so that, using the HH93
escription for 0 . 1 μm grains, significant c ycle-to-c ycle chemical
ariations occur when 

> 1 . 3 × 10 −17 s −1 
(
n/ 2 × 10 4 cm 

−3 
)
. 

ore generally, this is when 

 impact < 10 11 s. 
(
6 × 10 6 cm 

−3 /n 
)
. 

n these circumstances, which are not expected to be unusual in star-
orming cores, two results follow: (a) the abundances (e.g. of H 2 O
nd CO) may be very significantly enhanced with highly non-linear
-dependences, and (b) the chemical evolution of many species (e.g.
H 3 ) will occur o v er man y c ycles and the time-scale for the changes
ill be significantly larger than that for either the freeze-out of gas-
hase species, or the interval between cosmic ray impacts. Obviously,
n these conditions, the continuous desorption simplification is not
pplicable. Recent studies, which include a spectrum of cosmic ray
nergies and therefore a range of values of t impact , indicate that these
ffects cannot be ignored. 

(vi) Whether or not different ice components can co-desorb -
here the desorption characteristics of one species affects oth-

rs – is somewhat speculative and will be strongly dependent
n the compositional structure of the ices. Ho we ver, the pres-
nce of even limited levels of species co-desorption results in
ery large ( � 10–100 ×) enhancements of the ef fecti ve desorption
ates and predicted gas-phase abundances (especially for densities
 10 5 cm 

−3 ). 
(vii) Similar, but more species-specific, enhancements are ob-

ained if a population of very small grains exist, from which complete
NRAS 517, 3804–3821 (2022) 
ce mantle sublimation is possible following each cosmic ray heating
vent. Here, the strongest enhancements are for the more tightly
ound species, so that a chemical signature of the presence of these
rains may be detectable. Generally, if either co-desorption occurs
nd/or very small grains can survive to high densities, then the
esorption rates from tightly bound species (such as H 2 O) would
e very strongly enhanced. 
(viii) At extinctions A v � 5.5, which applies throughout most of

he gas in dense star-forming cores, photodesorption is dominated
y the cosmic ray induced radiation field. The photodesorption rates
cm 

−3 s −1 ) are given by ṅ i = Y i F cr σH n H f i where Y i ∼ 10 −3 is the
hotodesorption yield and F cr is the cosmic ray induced photon
ux (typically ∼5000 photons cm 

−2 s −1 ). Comparing this to the
esorption rate for cosmic ray heating (equation 3 ), we can see that
noting that both processes scale with ζ ) desorption by cosmic ray
eating dominates o v er photodesorption when 

 

i 
crd > 

Y i F cr 

N s 
∼ 5 × 10 −15 s −1 . 

omparing this to the values given in Tables 3 , 4 , and 5 we can
onclude that (even without the additional enhancements to the
ates due to sporadic heating, co-desorption or the presence of small
rains) cosmic ray heating will dominate o v er photodesorption for
ost species in dense, dark environments. This is an important

esult that is in direct contrast to the findings of previous studies
e.g. Shen et al. 2004 ) and is a consequence of the higher values
hat we have determined for the cosmic ray induced desorption
ates. To illustrate this point, we have re-run several of the models
ncluding the full range of desorption mechanisms (direct and cosmic
ay-induced photodesorption, enthalpy of formation/H 2 formation
riven desorption etc.) and a limited surface chemistry. This model
s therefore closer to that which might be used to simulate real
olecular clouds/star-forming regions. The results, for selected

pecies, are shown in Table 11 . This table also includes results from a
eference model (as Model 1, but without any cosmic ray desorption)
or comparison. 
hese results clearly show the significance of cosmic ray induced
esorption, with the abundances of many species showing dramatic
if ferences relati ve to the reference model. Whilst the ef fects on
ore tightly bound species, such as H 2 O and CO 2 , are more
arginal these are also dramatically enhanced if co-desorption

ccurs. 

The significance of these results is most apparent in the dense,
ark regions whose chemistry and dynamics are used to diagnose the
hysics of the early stages of star formation, and which may form
he chemical ‘le gac y’ to protoplanetary discs. 

Finally, we note that there are additional implications of the cosmic
ay interactions that we have not considered in this study, such as
he effects on the grain charge (Ivlev et al. 2015b ) or the cosmic ray
riven non-thermal chemistry within the ices (Silsbee et al. 2021 ).
n future work, we will assess the importance of the updates that
e have discussed in this study in realistic astrochemical models of

pecific sources. To do that we will also consider the application
o a range of grain sizes and (possibly attenuated) cosmic ray
nergy spectra, whilst being mindful of the many uncertainties that
xist. 
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