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'+ Equilateral triangle P

» “No” rotational spectrum

~ + “No” electronic spectrum

"« Vibrational spectrum is

-~ only probe

.. * Absorption spectroscopy .
against background or
embedded star







Interstellar Cloud Classrf‘ catron*l-f?}_ﬁ
i Dense molecular clouds: lefuse clouds: T
{g.H%w =ge§.HHm

'_".-ij 8. . CCO Bl e e

v Seon(H,)~10%-108cm3 o . ¢ n(H,)~.10-10% cm?3

Lo ~ T 20 K ‘_', — [~10-'8 atm]

G é; Perser

Drffuse atomlc clouds
s e B ite o0« Diffuse molecular clouds

_ Barnard 68 (courtesy Joao Alves ESO) ‘."1'* _' e - H,>10% (self—shlelded)
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R(1,1)* R(1,0) R(1,1)!

AFGL 2136 Vo !

AFGL 2591
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Dense Cloud H;* Chemistry

H2 cosmic ray . H2+ + e Rate =
H2 + H2+ > H3+ + H (fast)

H,* + CO - HCO* +H, Rate =

Steady State

(3x10-17 1)
- = x (6700)
(2x10% cm3 s1)

104 cm3

McCall, Geballe, Hinkle, & Oka
ApJ 522,338 (1999)




- Hs" as a'Probe of Dense Clouds
.+ Given n(H;*) from model, and N(H,*) from
. . infrared observations:

— path length L = N/n ~ 3x10® cm ~ 1 pc

— density (n(H,)) = N(H,)/L ~ 6x104 cm-3

— temperature T ~ 30 K

i Unique probe of clouds
» Consistent with expectations

] ——

para l=1/2

— confirms dense cloud chemistry

(forbidden)




Diffuse Molecular Cloud H;* Chemistry

H2 cosmic ray Q H2+ + e Rate =
H,+ Hj* > H,t +H

H,*+e-—>H+H,or3H Rate=

Steady State
(3x10717 s°1)

(5x107 cm?3 s1)

107 cm™3

X (2400)



Lots of H3 Ilffusé_': 'Idudsl

HD 183143 . CygnusOBZ12
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Big Problem with the Chemistry!

Steady State:

~2 orders of magnitude!!

To increase the value of [H;"], we need:

e Sma
e Sma

er electron fraction
er recombination rate constant k,

- Higher ionization rate C
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Big Problem with the Chemistry!

Steady State:

To increase the value of [H;"], we need:

» Smaller electron fraction [e"]/[H,]

« Smaller recombination rate constant
- Higher ionization rate C



 Hy* Dissociative Recombination

Table II. Experimental rate constants of dissociative recombination of H3+

Biondi, Brown'’ 1949
Richardson, Holt*' 1951
Varnerin® 1951
Persson, Brown 1955
eu, Biondi, Johnsen” 1973
eart, Dolder 1974
uerbach et al.?® 1977
Mathur, Khan, Hasted”’ 1978
McGowan et al.” 1979
MacDonald, Biondi, Johnsen® | 1984
Adams, Smith, Alge’ 1984
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4.2. Observations of H},

The detection of HY in diffuse gas has had some ironic twists.
Chemical models employed in the original discussion of grain
neutralization (Lepp & Dalgarno 1988a; Lepp et al. 1988)
were poisoned by inclusion of the then-fashionable assump-
tion of a very small low-temperature gas-phase recombina-
tion rate for H. This led the authors to a gross overpredic-

tion of N(HY). which they suggested would be observable;

their suggestion seems not to have been acted upon in a timely
manner, thus depriving the world of a seeming corroboration
of the incorrect recombination rate. Instead, the recombina-
tion rate was corrected (Amano 1988; Larsson et al. 1993;
Sundstrom et al. 1994), lowering expectations for the presence
of H, and, by the time it was widely detected. this was consid- §
ered surprising. With substantial fluctuations, N(HY)/Ep_y =

o e D

. Chemical models (véh Dishoeck & Black)
“« Grain neutralization models

S P Tt ARl

B szt (2003)
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IS THE DISSOCIATIVE RECOMBINATION OF H,* REALLY SLOW? A NEW SPECTROSCOPIC
MEASUREMENT OF THE RATE CONSTANT

T. AMANO
Herzberg Institute of Astrophysics, National Research Council
Received 1987 December 14; accepted 1988 March 14

ABSTRACT

The decay of an infrared absorption signal of H;* was measured as a function of time. The decay curve
was analyzed and found to fit very well to the form expected for a recombination decay. The signal decay is
attributed to the dissociative recombination with electrons and the rate constant was determined to be
(1.8 + 0.2) x 10”7 ¢cm? s~*, which disagrees with the recent value (<2 x 107® cm® s™') obtained with the
flowing afterglow/Langmuir probe (FALP) technique.

Subject headings: interstellar: molecules — molecular processes

Adams, Smith, and Algel (1984), on the other hand, obtained

a much smaller value for the rate constant (<2 x 1078 cm?
s~ ') by using the flowing afterglow/Langmuir probe (FALP)
technique, and later they reached the conclusion that the rate is
immeasurably small (~107!! cm® s™') (Adams and Smith
1987). A theoretical calculation also suggested a small rate
constant (Michels and Hobbs 1984). Also very recently Hus et
al. (1988) repeated the merged beam experiments and obtained
the cross section which is about an order of magnitude smaller
than the previous value (Auerbach et al. 1977). These authors
attributed the faster rate constants previously obtained to
vibrationally excited H,;". Considering the astrophysical
impact of these low values, we have carried out direct measure-
ments of the decay of the infrared absorption signals of H; ™,
which can monitor the ion abundance in a particular
vibration-rotation state without ambiguity.




e

100
t /s

F1G. 2.—The transient absorption signal of the R,(3) line of H,* (tap trace)

and the discharge current (bottom trace). The hydrogen pressure was
500 mtorr.

-1l

Ni/ x10 cm®

dN . /dt = —kN 2
1/N () = 1N ,(0) + kt

S0 100 50
t/ ps

FiG. 3—The 1/N .(t) vs. t plot of a decay signal of H,™. The origin of the

B time is taken at the point where the current falls to zero completely, as shown
@ in Fig. 2. The ion concentration at ¢ = 0 is measured to be 3 x 10’2 em ™3 in

this example. The peak concentration is larger than that at t =0 by about
30%, as seen from Fig. 2.
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IV. DISCUSSION
The rate constant was found to be unchanged in cathodes &8

u:rith diﬂ'erentl diameters, indicating that the ambipolar diffu- |
slon_process 1s not a dominant depletion process. Our tech-

ey ey

Since the dissociative recombination rate constant for H;* i
obtained in the present experiment was very different from that
obtained by Smith and his co-workers (Adams, Smith, and
Alge 1984; Smith and Adams 1984: Adams and Smith 1987),
we carefully checked whether any serious impurity (N, is the

most serious one) might cause the decay of Hy * faster than the e

dissociative recombination with electrons. This possibility was
ruled out for two reasons. First, by monitoring the signal of [

HN, " in a “pure” hydrogen discharge, we concluded that the
abundances of N, was 2 x 10!! em~3 at most and was negligi-
bly small. Second, the decay curves fit very well to-the recombi- §
nation decay curve given by equation (3). If constant leak or
back diffusion causes the depletion of H; *, the decay should be
exponential. Also if the hydrogen gas contains noncondensable 8
impurities like CH, which react with H;*, the decay rate §
should show a linear dependence on the hydrogen pressure.

" The dissociative recombination of “is known to be pd

(k,=3 x 107° ¢m® s~ ') (Leu, Biondi, and Johnsen 1973).
Small amount of Hy* may exist, although the spectroscopic
detection of this species has never been successful under our
experimental conditions. The dominant formation process of

Hs' is

H," +H, + H, > H;" + H,, (7)

and the rate constant of this reaction was measured to be
9 x 1073° cm® s~ (Hiraoka and Kebarle 1973), which gives
the rate for the reaction (7) to be about 1 x 10* s™' at the
hydrogen pressure of 1 torr. This rate is too slow to explain the
decay observed in this investigation. Also if this process (7) is

8 dominant, then the decay rate should have the hydrogen pres-

sure dependence.

Smith and co-workers (Adams, Smith, and Alge 1984; Smit
and Adams 1984) argued that the H,* in the ground vibra-
tional state does not react with electrons and the fast decay
obtained previously might have been caused by vibrationally
excited H,". Our spectroscopic measurements are state spe-
cific. The absorption signal measured in the present experiment

monitored the population decay of the J = 3, K = 3 rotational
level in the ground vibrational state. In the pressure range of
our experiments, the rotational equilibration is completed in a
few microseconds after the discharge is terminated. Also the
vibrational temperature is low and the population of the first
excited vibrational state (v, = 1) is estimated not to exceed 1%
and therefore the effect of the vibrational relaxation is negligi-
ble. We plan further measurements of the rate constant of Hy*
and other ions at lower temperatures.




| Data_no: 13

Intenzity (mV)

IL#W { 1.E<12 )

Time {(microseconds)

TABLE I. The dissociative recombination rate coefficients of H;* in the
ground vibrational state (in units of 10™7 cm®s™").

J, K 110K 210K 273K

1,0 4.1(2)" 2.5(1) 1.72(35)
1,1 4.1(1) 2.7(2) 1.77(10)
2,2 4.6(4) 2.4(2) 1.85(6)
3,3 4.5(5) 2.6(2) 1.91(7)
4,4 2.2(2) 1.9(4)

*Standard deviation in units of the last quoted digits
| if y. Mnrenve use the rot is much
faster than the recombination decay, only the rotationally
averaged rate coefficient is possible to be observed.

" CONCLUSION

Our spectroscopic measurements have clearly estab-
lished that the dissociative recombination rate coefficient of
H," in the ground state is not as small as advocated by Smith
and co-workers, being in good agreement with the results
§ obtained with the microwave afterglow and other tech-
B niques. Measurements have been extended to HN," and




H3+ llSSOClatlve Recombmatlon

Table [I. Experimental rate constants of dissociative recombination of l-l;

1.6

FA

MacDonald, Biondi, Johnsen®

1984

<0.2

FALP

Adams, Smith, Alge™

1984

<0.0001

FALP*

Smith, Adams®'

1987

0.2

MB

Hus et al.*

1988

1.8

IR

Amano’-

1988

<0.0001

FALP

Adams, Smith®*

1989

<0.001

FALP

Smith, Adams, Ferguson®

1990

0.2

MB

Yousif et al.’®

1991

1.5

FALP/MS

7
Canosa et al.’

1992

0.1~0.2

FALP

Smith, S“lparﬂal‘:Fi

1993

1.15

SR*

39
[.arsson et al.

1993

<2

IR/MS

Féher, Rohrbacher, Maier*

1994

FALP

Gougousi, Johnsen, Golde*!

1995

0.78

FALP/MS

Laubé et al.*

1998

1 <0.13

ISA

Glosik et al.¥

2000

<0.03

ISA

5 44
Glosik

2001

. Theory unreliable (until recently)...
Still not measuring H;* in ground rotational states

Oka (2003)




Storage Rlng Mc-)a\s.ur eiients

Injectlon C RYRI N G

L ; S RFQ 900 keV o
’ N e

12.1 MeV , m -

C Ieratlon l;?-}:‘i-: s
> Siste Electron |

30 kV

+ Very simple experiment

+  Complete vibrational relaxation '
+ Control H;* — e impact energy
' / electron beam - - Rotationally hot ions produced
- “No” rotational cooling in ring
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~. . |aboratory spectroscopy

©. < in many groups

..+ Pulsed nozzle design

« Supersonic expansion

<. leads to rapid cooling .
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Spectroscopy of .-'.5.3-.- S ource s

Infrared CaV|ty Rlngdown Laser :,‘.'.j"._-iConflrmed that
Absorptlon Spectroscopy

- H,* produced is
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~‘asin: mterstellar
o medlum

Laboratory
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rRand L_re.0)

McCall, et al.
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~ _CRYRING Results

3 1
<vs>(CM'S )

15" 10" 10 107 10* 18" 10 496
_ Detunlng enery eV

ConS|derabIe amount of
structure (resonances) in
the cross-section

ko, =2.6x 107 cm3 s’
Factor of two smaller

McCall, et al. I_ ity
Phys. Rev. A 70, 052716 (2004) s
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Theory of Dissociative Recombination of D3, Triatomic Ions Applied to HY

Viatcheslav Kokoouline and Chris H. Greene

Department of Physics and JILA, University of Colorado, Boulder, Colorado 80309-0440
(Received 3 December 2002; published 3 April 2003)
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—— Theory

—— Theory
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PHYSICAL REVIEW LETTERS week ending

PRL 95, 263201 (2005) 31 DECEMBER 2005

High-Resolution Dissociative Recombination of Cold H," and First Evidence
for Nuclear Spin Effects

H. Kreckel,' M. Motsch,' J. Mikosch,'# J. Glosik,” R. Plasil,” S. Altevogt,' V. Andrianarijaona,' H. Buhr,' J. Hoffmann,'
L. Lammich,' M. Lestinsky." 1. Nevo,* S. Novotny,' D. A. ( rlov,' H. B. Pedersen,' F. Sprenger.' A. S. Terekhov,” J. Toker,”
R. Wester,” D. Gerlich,® D. Schwalm," A. Wolf,! and D. Zajfman'*
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s kT,~ 2 meV kT,~ 500 ueV
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KT,~ 10.5 meV

Electron cooler same as target
( 9 | 1\ ~1.6x107 om3

H. Kreckel, et al.
Phys. Rev. Lett. 95, 263201 (2005)

Beam energy 12.1 MeV 5.25 MeV



Back to the Interstellar Clouds!

Steady State:

To increase the value of [H;"], we need:

» Smaller electron fraction [e | H,]

« Smaller recombination rate constant .
» Higher ionization rate



Implications for C Persei

L
N(e)
N .><(kcm38'1 MH?’Tn —3-8x4H0-1—
C L iy e ) ( :f y) N(H2)

C L =8000cm s’

Adopt Adopt
£=3x10"" g1 L=2.1 pc

L =85 pc §=1 2x10:2 s:
(n) =6 cm3 (40x higher!)
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Enhanced |on|zat|on rate In Q Persel
Widespread H;* in diffuse clouds
— perhaps widespread ionization-enhancement?

Dense cloud H;* is "normal”

— enhanced ionization rate only in diffuse clouds
— low energy cosmic-ray flux?

— cosmic-ray self-confinement?

— no constraints, aside from chemistry!!

New chemical models necessary
— Harvey Liszt

— Franck Le Petit



A&A 417,993-1002 (2004) A stronomy
DOL: 10.1051/0004-6361:20035629

© ESO 2004 AStI‘OthSICS

H; and other species in the diffuse cloud towards { Persei:
A new detailed model

F. Le Petit!, E. Ri::-u-:ﬂl and E. He1bat

Parameters: n=100 cm3, =42 pc T=60 K
Matches all observations within a factor of 3
(=25 %1016 g1

— 10x canonical value

OH not a problem

- H"+0—>0"+H
endothermic by 227 K
— OH lowered: T—60 K 5
Still. underpredicts H;* N
— “Proof of concept” T T
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CONFINEMENT-DRIVEN SPATIAL VARIATIONS IN THE COSMIC-RAY FLUX

PaoLO PapoaN! AND JOHN ScaLo?
Received 2004 September 16; accepted 2005 March 30; published 2005 April 13

ABSTRACT

Low-energy cosmic rays (CRs) are confined by self-generated MHD waves in the mostly neutral interstellar
medium. We show that the CR transport equation can be expressed as a continuity equation for the CR number
density involving an effective convection velocity. Assuming a balance between wave growth and ion-neutral
damping, this equation gives a steady state condition n_ oc n;'” up to a critical density for free streaming. This
relation naturally accounts for the heretofore unexplained difference in CR ionization rates derived for dense
diffuse clouds (McCall et al.) and dark clouds. and predicts large spatial variations in the CR heating rate and
pressure.

— Diffuse HI
_ __ Dark Cores

102 104
n [em~3]
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-+ More experiments!
: — Improved spectroscopy of ion source

 Higher resolution & higher sensitivity
» Better characterization of ro-vib distribution

— Testing of new (piezo) ion source

— Single quantum-state CRYRING measurements
* produce pure para-H,* using para-H,

] T

. » More observational data!

— Search for H;* in more diffuse cloud sightlines
- Confirm generality of result in classical diffuse clouds

— Observations of H;* in "translucent” sightlines
«C*->C—-CO



* Rich Diffuse Cloud Chemistry

From 19303 through the m|d 19903 only

. » diatomic molecules thought to be abundant in
.+ diffuse clouds

» Recently, many polyatomics observed:

. — H,*ininfrared

— HCO*, C,H, C;H,, etc. in radio (Lucas & Liszt)
= Cjinnear-UV (Maier, et al.)

.+ Diffuse Interstellar Bands!

AN g |
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