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�)r THz Ë��`zëê^�. ê�O�L², �� THz Ë��)�lz>6Ì�´d��>lL§�)�, p
�lzéT>6�)��zé�. ÏLN!Äª1��ª1��'!� �ÑUO�lz>6, l
�±Jp THz
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1 Ú ó

�â[ (THz) Ë�´0u��1Ú�Å�m
�A�ªÇ3 0.1 � 10 THz �>^Ë�. và�Ô
��(fªÇ!�©f��ÄÚ=ÄªÇ3 THz

ÅãkéõA��«Ì, ¹k�~´L�ÔnÚz
Æ&E. � X ���', THz Ë��1fUþé$,

Ïdé<NÚ)Ô��¬A�vk�ú. �Ù¦>
^Åã�Ë��', �±éN´/�)�±Ï$�
�±Ï�°� THz óÀ, �±mÐ��ªÌ©Û.

Ïd��@� THz Ë�3 THz ¤�!á�&ÿ!
��!ÏÕ!Ô�A5ö��+�äk2��d
3A^d� [1,2]. �þ�A^ÑI�põÇ� THz

Ë�
. 8c�)põÇ THz 
��{�)/ÏD
Ú>f\�ì�ÓÚË�!Þ�Ë�!gd>f
-1!�éØý�>fì�� [3−7]. ,��¡, �
Xr-1Eâ�uÐ, <�JÑ
õ«±�á-1
óÀ5�)r THz Ë���{. Ù¥�«´æ^

�éØ�ár-1�)��á>få, ÏLÞ�Ë
�!]�L¡>6Ë�!Smith-Purcell �A��)
�Ë� [8−10]; ,�«�{´|^�á-1óÀ�
íN½ö$�Ý�lfN�^, ÏL�)]�î�
>6½öõÅ�p�^��5��ª5�) THz

Ë� [11,12]. 'uù«�)�ª, 8c�þ�ó�
´�7r-13�í¥DÑ��)� THz Ë�.

Cook Ú Hochstrasser[13] �@3¢�þuyæ^d
Äª1Ú�ª1|¤�VÚ13�í�åDÂ�
¬�)4r� THz Ë�, ¦�æ^1�6��.5
)ºù�¢�. ��k�þ�¢�ó�y¢ù�y
� [14−16], ¿���ÄuoÅ·ª�nØ��JÑ
5)ºÜ©¢�y�. ,�«�{´æ^�±Ï-
1óÀ�íN�p�^ [17,18], �A�)� THz Ë
��1Å �k'. Kress � [16] ^ù«Å�5ÿþ
�±Ï-1óÀ�1Å� .

�dÓ�, <�uy1>l�)�]�>6�
.�±)ºþãVÚ-1óÀ�¢�, ±9�±
Ï-1óÀ�)� THz Ë�y� [17−19], Ù¥ Wu
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� [18] JÑ
nÚ>l�.. 3T�.¥-1Äk
ò�fíNÜ©>l, /¤Ü©>l��lfN;

Ùg>l�)�gd>f�m©�Äþ�", �d
u§?3-1|¥, Ïd��-1Dr�>fl-
1|¼��{�î�Äþ, TÄþ���>l�¤
?�-1|��k'; 1n, ¤k>f�$ÄU\
��)�½�]�î�>6, 3�µlf��^e
/¤î�>f�lfN��, aq�«>ó4��;

��3�lfN>.±�lfN��ªÇË��
ý�¥. æ^�¹>lL§�âf�[�{y¢

ù�Ë��.. Chen � [20] 3dÄ:þJÑ
�
�-1|>l�lz>6±9dT>6�)Ë�
��., T�.�âf�[ÎÜ�Ð. éu^VÚ
-1½�±Ï-1óÀ��{�) THz Ë�, �¢
��'nØÚê��ïÄ�é5`���. �
J
p THz Ë���)�Ç, I�?�ÚïÄ�)íN
q (AO´íN�«a) ±9-1�ëê (�)-1
�rÝ!Å�) é THz Ë��)�K�, ±dJÑ
`z�ëê^�.

3�©¥, ·�±©z [20] �lz>6�.�
Ä:, ïÄ-1�rÝ!Å�!íN�«aéVÚ
-1|�)�lz>6�K�. duÏLVÚ-1
óÀ�ª�)r THz Ë�é-1ëê��¦'�
$, 3¢�þ'�N´¢y, Ïd�©�ê�O�
Ø
kÏu\�éVÚ-1�)lz>6Å��
@£, é�'¢�ïÄ�äk�½���¿Â.

2 lz>6�)�nØ�.

��á-1óÀ�íN0��^�, Äk¦
íN>l, ,�#�)�>fm©�A-1|. �
���lfN¥�>fØÓ, ù
#�)�gd
>f3-1óÀÏL±��±�3�½�î�Ä
þ, dd�)��Àî�>6. b½-1DÂ��
´÷X x ¶, -1� ���´÷X y ¶, Uì©
z [18,20] ��., Ùî�>6�±�¤

jy =
∑
vy

−envyvy, (1)

Ù¥ e �>f>þ, nvy ´�Ý� vy �>f��Ý.

>f�Ý ne Ú>f��Ý v �Ì±e�§ [20]µ

dne

dt
=

∑
i

ωini − βrecomn2
e − βattachnen

2
gas, (2)

dv

dt
= − e

m

(
E +

v × B

c

)
− υev, (3)

Ù ¥ ni Ú ωi © O � L i � l f � � Ý Ú >
l Ç, ngas L « � > l � í N � Ý, βrecomn2

e

Ú βattachnen
2
gas �L
�íN©f2(Ü!NX

�K�. æ^ Ammosov-Delone-Krainov (ADK) �
Blz�.5O�lzÇ [21,22]

ωi =6.6 × 1016 Z2

n4.5
eff

×
[
10.87

Z3EH

n4
effEopt

]2neff−1.5

× exp
[
− 2

3
Z3EH

n3
effEopt

]
(s−1), (4)

Ù¥ EH = 5.14 × 109 V/cm ´��f�>|, Eopt

´-1óÀ�>|, Z ´>l��f��>þ,

neff = Z/
√

Eion(eV)/13.6 ´lf�k��Ìþf
ê. Eion ´± eV �ü �lz³U. Ï�>f2(
Ü!NX��m���u>lz��) THz Ë�
��m [20], ·�òÙ3nØ�.¥�Ñ. 3�©�
¹e>f - lf�-EªÇ υe = 1012 s−1, -E�
m���u���-1óÀ�Ý 150 fs. ,��¡
·��é1��±Ï� THz Ë� (�u 200 fs) a
,�, Ï�§´�r�. ¤±-E�A�±��Ñ.

du·�?n�-1rÝÏ~$u 1017 W/cm2, Ï
d�±�Ñ>f$Ä���5� v ×B[20]. ���
�lz>6, �±dð�d��§O��)�Ë�.

Uì Chen � [20] ����., 3�l>l«��)
� THz Ë���Ì�'ulz>6��Ì

E(t, x) ≈ −jy0l0
cε0

√
ωpt

cos(ωpt − π/4), (5)

Ù¥ jy0 Ú l0 (¿ c/ωp) ©O´lz>6�ÌÚ
lz>6�þÝ, Ë��ªÇ´>f�lfNª
Ç ωp, Ù¥ ω2

p = nee
2/ε0m. 3±e�?Ø¥, Ì�

ÏLê�¦)�§ (1)—(4) 5ïÄØÓ�-1ëê
ÚíN^�eÏLVÚ-1óÀ�)��lfN
>6.

3 -1ëêé THz �)�K�

b�VÚ-1óÀ�>|äkXe/ª:

a(t) =a1 sin2(πt/T ) sin(2πt + φ1)

+ a2 sin2(πt/T ) sin(4πt + φ2), (6)

Ù¥ a1 Ú a2 ©O´8�z�ÄªÚ�g�Å�
>|�Ì, §�Ñ�8�z� mωc/e, Ù¥ m, e, ω,
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c ©O�>f·��þ!>f>Ö!\�Äª-
1ªÇ±9ý�¥1�. a1 Ú a2 �-1rÝ�'
X´ I = a2 × 1.37 × 1018 (µm/λ)2 W/cm2, ùp λ

´Äª1�Å�, ü � µm, T ´-1óÀ�ó
°, φ1, φ2 ´Äª1Ú�ª1�� . 3O�¥b
�ÄªÚ�ªóÀ�Ý´ 30 �±Ï, Äª1�Å
�´ 0.8 µm, ¤^íN�±í½ö�í. b½¤^
íN�Ý��Ý�¦Èv
�, �±3>l�.
¥Ø�Ä>lL§�)�Uþ�Ñ. �Xò 1 cm

�Ý��Ý� 1018/cm3 ��í���>l (>l
U 14.5 eV), ¤IUþ´ 2.32 J/cm2. XJæ^8�
z�Å�� 0.8 µm, ó°k 30 �1±Ï, -18�
z>|�Ì� 0.1 �-1óÀ, >lþã�í�I
¦^Ù¥� 0.3%�Uþ. 3e¡�O�¥b�Ä
ªÚ�ªóÀ°ÝÑ´ 30 �Äª1±Ï.

ã 1 �Ñ
31óÀ�^e, 3íN¥�½ 
��lz>6�)L§, Ù¥ a1 = 0.07, a2 = 0.01,

T = 30, φ1 = φ2 = 0, τ �Äª1�±Ï, ¤^íN

� � � � � � �−
� � � �−
� � � ��� � � �� � � � � � �

	 
 � 	 
 �
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 �
	 
 � 	 
 �
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 � �� �� �
� � � � � � � �−

� �−
� �−

��� � � � � � � � � � � ����� � � �
� � � � � � � ����� � � � � � � �−

�−
�−
� �� � � �

� � � � � � � ��� � �� � �� � �� � �� � � � � � � � � � � � �� � � �� � � � � � �� � � �� � � � � � �� � � �
� � � � � � �� � � � � � � � � � �� � � �

�� �� !"
�� �� !"

# $ %&� �� '(
# )$ %&� �� '*

ã 1 (a) VÚ-1óÀ�>|©Ù; (b) ±í¥���lz�Ý; (c) ±í¥o�lz>6; (d) ±í¥��>lÇ; (e) ±
í¥��>lÇ; (f) VÚ13�í¥�)�olz>6. -1ó°� 30 �Äª-1±Ï, Äª-1Å�� 0.8 µm
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� ± í. þ ã - 1 é A � r Ý Iλ2 = 6.7 ×
1015 W/cm2. ã 1(a) �VÚ-1>| Ey ��m
�ä, ùp Ey 8�z� meωc/e, ã 1(b) L«��
>llf��Ý n1 ��m�Cz­�, n1 8�z
�Ð©íN�Ý n0. ã 1 L²3-1óÀ��¸�
�c, ¤k�f®²�Ü��>l. �X-1rÝ
�?�ÚJp, ��>lÑy, �A���lf�
Ým©~�. XJ-�ª-1��Ì a2 = 0, ��
lz�ÝkØ��Cz. ã 1(c) L«lz>6 J �
�m�Cz­�, lz>6 J 8�z en0c. ��ª
-1��Ì a2 = 0 �, 3�¤��lz�, lz>
6��C�"; �´��ª-1��Ì a2 = 0.01

�, lz>6�X��lzL§�uÐ
ØäO\.

���lzL§�¤�>l>6A�Ø2O\.

ã 1 (d) Ú (e) ©OL«��Ú��lzÇ F ,

F2 ��m�Cz­�, �±wÑ��lz�k
3 a1 > 0.05 �â'��. ��lzL§u)3 7—

12 �-1±Ï�m, éAã 1(c). lz>6��
)�Ì�3ùã�m, ��>lL§élz>6
��z4�. ã 1(f) �Ñ
VÚ½öüÚ-1�
�í�^�)�lz>6��mCz, Ù¦ëê
�ã 1(c) �Ó. �ã 1(c) éA�±í�¹aq,

�k� a2 = 0.01 ��)
�r�lz>6, 

� a2 = 0, �)�>6A��". ¿��k��l
zL§�±�)lz>6, 3�p|«��)��
lz>6�p-�, �±��Ñ. ���)T>6,

Ò�±3�lfNíN.¡±�½�ªÇË�Ñ
�. e¡ïÄ-1ëêélz>6�)�K�, A
O´�)�rlz>6�^�, ±B�¢�þ�)
�r� THz Ë�Jøë�.

3.1 VVVÚÚÚ111���   ���ééé THz ���)))���KKK���

þ¡�O�b½VÚ-1�Ð©� Ñ� 0.

3¢�¥, du�lfNÚ�íÑ´ÚÑ0�, Ø
ÓªÇ�-13lz��í¥DÑ�, Ù�é 
�¬�DÂålu)Cz. ¤±3e¡�ïÄ¥,

·��ÄÄª1��ª1�� �élz>6�
)�K�. ã 2 �Ñ
�� �Cz�)�lz
>6Cz. 3O�¥- φ1 = 0, ò�ª1�  φ2

3 0◦—360◦ �mCz. dã 2 �±wÑ, lz>6
3� �� φ = φ2 − φ1 = 0◦ ½ 180◦ �m��
� (ÎÒ��), 3 90◦ ½ 270◦ NC���. 3�ö

^�e, >f��lzL§�ü�-1aq, =3
�K>|¥¥yé¡5, �)�>6��p-�.

duæ^�-1ó° T = 30, VÚ-1�1Å �
��éþãO�K�Ø�, =æ^ØÓ� φ1 �, �
��(JvkCz. þãO��©z [23] �âf�
[(J�´���.

0 100 200 300
−6

−4

−2

0

2

4

J
 /
T
1
0
-
4

φ/(O)

ã 2 lz>6�VÚ-1óÀ ���Cz, Ù¥V
Ú1�>|¸�� a1 = 0.07, a2 = 0.01, Äª-1Å
� 0.8 µm

3.2 \\\���---111���ÌÌÌééé THz ËËË������KKK���

�
Jp THz �Ë�õÇÚrÝ, <�g,
¬�Äæ^�p�\�-1rÝ. 3L�Acp,

�
ïÄuy3ØÓUþe THz Ë�äkØÓ
�½I'X. 3�½���S, 3�$\�-1U
þe THz Ë���Ì�'u\�-1Uþ�ng
�, 3�p\�Uþe THz �Ì�'u\�-1
Uþ, 3üö�m´�'u-1Uþ�²� [14]. ·
�3�°�-1rÝ��ïÄ
ÄªÚ�ª1�
Ìé THz Ë��)�K�. ã 3 L«�½Äª1
½�ª1��Ì!���¸�lz>6 Jmax �
�ª1�Ì a2 ½Äª1�Ì a1 �Cz. Xã 3(a)

¤«, �½ a2 = 0.01, éuÅìO�� a1, ���
¸�lz>6k¯�O�����, ��Ñy�
Ú, ¿�XÄª-1�Ì�O�
�ú~�. XJ
�½ a1 = 0.07 �UC a2, ã 3(b) L²lz>6
Ð©�� a2 ¥�''X, ,�­�C²�, Ñy�
Úy�. þãã 3(a) Ú (b) L², 3�Ó-1^�
e, æ^�í�±í�±��ØÓ�lz>6, ¿
�3�Ó�>l�Ýe, 3±í¥�����lz
>6�3�í¥�ü��m. ù´Ï�§��Ø
	>f>l¤I��UþØÓ. �í�1�>lU
´ 14.5 eV, ±í�1�>lU´ 24.6 eV. dulz
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>6Ì�´d��>lL§E¤�, 
lz�)�
gd>f��Ý��)lz�¤?�>|��k
'. Ïd3�Ó��Ý^�e, ��lz>6A�
�'u1�>lU��.
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0.6 0.8 1.0
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J
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ã 3 (a) �½�ª1�Ì a2 = 0.01 �, lz>6�Ä
ªÅ�Ì�Cz; (b) �½Äª1�Ì a1 = 0.07 �, lz
>6��ª1�Ì�'X; (c) ��ª1�Äª1�Ì÷
v a2 = 0.45a1 �lz>6� a1 �²��Cz, ¤^í
N��í, lz>6 Jmax 8�z� en0c

3,�|ïÄ¥, ·�Ó�UCÄª1Ú�ª
1��Ì, a2 = 0.45a1, =b½\�-1BL�ª

¬N��k 10%��ª1=��Ç. ã 3(c) �Ñ

lz>6�-1�Ì²��Cz­�, §L²3Ø
Ó1re, lz>6�\�-1UþØ�3ü��
½I'X. 3�$�-1Uþe, lz>6�\�
Uþ�pd��ê¤�', 3�p�Uþe, §L
Þ��\�-1Uþ��g�¤�', ¿3���
\�Uþ?�ÚO\ª��Ú.

3.3 \\\���---111ÅÅÅ���ééé THz ���)))���KKK���

3¢�¿Ï~æ^ 0.8 µm -15�) THz Ë
�. �X¥ù	-1Eâ�uÐ, <�®²3¢�
¿�)Å���A� µm �põÇ�á-1óÀ,

k��^ù«-1�íN�^�±�)�p��
íNpg�Å� [24−27]. �dÓ�, <�JÑ^¥
ù	-1���N�^�) THz Ë� [28,29]. �©
^1|lz>6�.ïÄ-1Å�é THz Ë��
)�K�. ã 4 L«lz>6�\�-1Å��C
z­�. Ù¥ã 4(a), (c), (e) ´�½\�-1�ó°
��AÅ� 30 �-1±Ï��¹, ã 4(b), (d), (f)

´�½\�-1ó°�éA 1 µm Å�� 30 �±
Ï��¹. (JL², éu�½�-1>|�Ì (=
�½� Iλ2 �), �X-1Å��O�, lz>6�
�ÌÊHO�, ¿�Ä�þ�-1Å�¥�5'X.

��±ó°ýé�ØC�, ã 4(b), (d), (f) L²lz
>6�Å�Cz���k�½���. ùNyÑ3
�½-1ó°eVÚ-1|�)�lz>6�-
1|�N©Ù��6'X. �Äª1��ª1��
'ØÓ�, �5½��§ÝØÓ.

ã 5 ' � 
 a1 = 0.07, - 1 Å � � 3 µm

Ú 1 µm ��¹e, lz>6��ª1rÝCz
�'X­�. dã 5 ��, Å� 3 µm �lz>6
���'3Å�� 1 µm ��¹eJp
��õ.

� a2 > 0.04 �, lz>6ÑÑy
�Úy�, �
c¡�(Jaq. ,	, CÏ©z [27] ��
æ
^âf�[�{ïÄ3ü�¥ù	-1óÀ�^
e THz Ë���), L² THz Ë��Ì�1r�
Cz�¥y��Cz, ¿�31r���½ÌÝ
Ñy�Ú�y�, ��©ã 4 Úã 5 äk�½�
�q5.
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(e) (f)
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ã 4 lz>6�-1Å��Cz�¹ (a), (c), (e) �½\�-1�ó°� 30 ��AÅ��-1±Ï, �A-1�Ì¸�
� (a) a1 = 0.07, a2 = 0.01, (c) a1 = 0.06, a2 = 0.02, (e) a1 = 0.04, a2 = 0.04; (b), (d), (f) �½\�-1ó°�éA 1 µm

Å�� 30 �±Ï, �A-1�Ì¸�� (b) a1 = 0.07, a2 = 0.01, (d) a1 = 0.06, a2 = 0.02, (f) a1 = 0.04, a2 = 0.04

0 0.02 0.04 0.06 0.08 0.10
0

0.5

1.0

1.5

2.0

2.5

 

 

J
m

a
x
/
1
0
-

3

a

λ=1 mm

λ=3 mm

ã 5 Å�� 3 µm � 1 µm ��¹elz>6��ª1�
ÌCz'X�'�, Ù¥ a1 = 0.07

3.4 ���666   ���>>>|||ééé THz ËËË������)))���KKK���

Ø
æ^VÚ-1±9�±Ï-1�íN�
^�) THz Ë�	, �kéõ¢���^��	\
�6 �>Ø5Jp THz Ë���Ì [30−32]. é
õ¢�L², �)� THz Ë�>|�Ì�	\>
Ø¤�' [33], �ÏL1>�m'�) THz Ë�a
q [34]. Wang � [35] ÏLâf�[ïÄ
	\��
>|�^u���lfN���, 3�lfN�ý
�.¡�)�>^Ë�, TË��ªÇ�>f�l
fNªÇ��. e¡·�æ^�c¡Ó���.,&

160701-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 160701

0 100 200

0

5

10

15

20

(a)

 

 

0.5 1.0 1.5 2.0

(b)

 

 

J
/
1
0
-

4
J
/
1
0
-

4

2a/10-3

2
~ a

4~ a

6~ a

J

0.1

1.0 

a=0.01

a=0

t/τ

ã 6 (a) 3 ± í ¥ \ 30 kV �   � > Ø, Ó � 3 � Ì
� a1 = 0.04 �Äª-1�^e, lz>6��m�ü
z; (b) 3±í¥\ 30 kV  �>Ø, Ó�3ü�Äª-1�
^e (a2 = 0), lz>6�Äª-1�Ì a1 ²��Cz'X

?3-1|�	\�6>|Ó��^e��lf
N>6�). ã 6(a) �Ñ
�Ì� a1 = 0.04 �Ä
ª-1�^u±í, Ó�3	\ 30 kV � �>Ø
e, �)�lz>6��m�üz. XJvk�ª
-1|�3, �)�>6Ì�´d1|lz�)�
gd>f3	\ �|��^e�). T>6�X
�^�m�O�
O�, ��âfm�-E�A{
�Ù?�ÚO�. XJ�3�ª-1|, lz>6
�¹üÜ©, �Ü©´VÚ1�^�), ,�Ü©
´	\ �|�^e�). ã 6(a) �Ñ�´	\ 

�|����VÚ-1|�����, ¿��)�
>6´Ó���¹. XJüö�)�>6����,

o>6´üö�~. 3ù«�¹e,  �>|å~
f THz Ë��)��^. ,�«�¹´	\ �|
����VÚ-1|���R�, ù«�¹�±�
�ý� � THz Ë���).

ã 6(b) �Ñ
3±í¥\ 30 kV  �>Ø, Ó
�3ü�Äª-1�^e (a2 = 0 �) lz>6�
Äª-1�Ì a1 ²��Cz'X. 3ù«�¹e,

1lz�)�gd>fêþ��û½
�)�l
z>6��. l¥�±wÑ, 3\�-1Uþ�$
�, THz Å��Ì�'u\�-1Uþ�ng�,

3\�-1Uþ�p� THz �Ìª�u�Ú. ù
pI��Ñ�´, 3��.O�¥��Ä
ÏL�
BlzL§�)�gd>f. XJ�Ä�Ù¦õ
1flzL§, 3$\�-1Uþ«�>6�¬'
ã 6(b) �Ñ�(Jk¤Jp.

4 ( Ø

�©±1|lz>6�.�Ä:, ïÄ
-1
�� !�Ì!Å�!íN�«aéVÚ-1|
�)�lz>6�K�. T>6����û½
�
)� THz Ë��rf. �VÚ-1�� �� 0◦

½ 180◦ �, lz>6����, �A� THz Ë�
�Ì���. �X\�-1�Ì�Jp, lz>6
�-1rÝ�Cz²{
l�'u-1rÝ�p
���ê�ª�u�Ú�=�. 3���-1rÝ
e, æ^äk�p>lU�íN�f�±�)�p
�lz>6. ê��[�uy3Ó��8�z-
1>|^�e (=Ó�� Iλ2 �^�e), lz>l
�\�-1Å�Cq¤�''X. d	, XJVÚ
-1óÀ�	\ �>|Ó��^uíNq, �)
� THz Ë�Ø=�T �>|���k', ��Ù
��k'.

[1] Ferguson B , Zhang X C 2002 Nature Mater. 1 26

[2] Chen H T, Padilla W J, Zide J M O, Gossard A C, Taylor A J,

Averitt R D 2006 Nature 444 597

[3] Carr G L, Martin M C, McKinney W R, Jordan K, Neil G R,

Williams G P 2002 Nature 420 153

[4] Abo-Bakr M, Feikes J, Holldack K, Kuske P, Peatman W B,
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Abstract

Based on the theoretical model of field ionization current for terahertz (THz) emission in laser-gas interaction, the parameter

optimization for strong THz emission via the two-color laser scheme is explored. It is found from numerical calculation that the

ionization current is due mainly to the first-order ionization process and the contribution from high-order ionization is ignorable.

In order to produce stronger THz emission, the ionization current can be enhanced by adjusting the amplitude ratio between the

fundamental and its second harmonic laser pulses as well as their relative phase difference. The ionization current can also be increased

by use of laser pulses at mid-infrared and by changing the gas species. Under the same laser pulse and gas density conditions, the

ionization current from the Helium gas is almost twice that from the Neon gas.
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